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The species specificity of proteins was recognised 
early in the development of Biochemistry. With the 
development of protein sequencing techniques it has 
become possible to compare amino acid sequences of homo-
logous proteins from different species. Mitochondrial 
cytochrome c has frequently been used for such studies 
in eukaryotes, and phylogenetic trees derived by compar-
ison of these amino acid sequences generally show good 
agreement with phylogenies derived by more conventional 
means (e.g. from fossil evidence). 
Cytochromes of the c-type are also found in many 
prokaryotes, and although these proteins show much greater 
variety in structure and function, their sequences may 
also yield phylogenetic information. 
In the present work the c-type cytochromes present 
in the prokaryotes ,4qua-pILLeeurn 	i-oonL and BacLeu- 
Lc/inovizI-3 were investigated. 
Two different c-type cytochromes were purified from 
A. 	4-6OnLL, designated c-550 and c- 55 6 . The physio- 
chemical properties of both proteins were studied, and 
the complete amino acid sequence of the cytochrome c-550 
was determined. This sequence was shown to resemble most 
closely the sequence of the cytochrome c 2 from R/iodospiz- 
Uurn uiiturn, and an evolutionary relationship between 
the two organisms was proposed. 
Three different c-type cytochromes were purified from 
B. 	chcno,irnL-o, designated c-551, c-552 and c-554. The 
physio-chemical properties of the proteins were studied. 
A partial amino acid sequence was determined for the 
cytochrome c-552, which was thought to belong to the 
"?-udornona.o" cytochrorne c-551 sequence class. 
The complete amino acid sequence of the rubredoxin 
(a non-haem iron protein) from C/ioizo-urn Lo-ouephao-
p/iUurn was also determined. 
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DABITC 4_N,N_DimethylaminoazObeflZefle-4 1 -JSOthJ-OCyaflate 
Dabth 4-N,N-Dimethylaminoazobenzene-4' -thiohydantoin 
Dansyl, 	Dns 1-dimethylaminonaphthalene-5-sUlphOnY]- 
ERCC Edinburgh Regional Computing Centre 
HVPE High Voltage Paper Electrophoresis 
OFN Oxygen Free Nitrogen 
Ox. Oxidized 
PAGE Polyacrylamide Gel Electrophoresis 
PCO Principal Coordinate analysis 
PITC Phenylisothiocyanate 
FLU Program Library Unit 
PMSF Phenylmethylsuiphonyl fluoride 
Pth Phenyithiohydantoin 
Red. Reduced 
SDS Sodium dodecyl sulphate 
TEMED N,N,N' ,N'-Tetramethylethylenediainine 
TFA Trifluoro acetic acid 
TMBD Tetramethylbenzidine dihydrochloride 
UPGNA Unweighted Pair Group Method with Averages 
All other abbreviations used in this thesis are as 
defined in The Biochemical Journal - Instructions to authors. 










P12 20c0 ccu'3 
P.6. 	 P.6Lthornona.o 
Rrn. 	 /?/Lodo1izi.c4oLLLm 1 
Rp.6. 	 R/lodop.6udomona.6' 
I? hod o4purn' 
S. 	 SpiiUum 
1) The nomenclature of the Rhodospirillacea used throughout 
this thesis is as described in Pfennig & TrUiper (1974). 
Key for 'amino acid sequence figures 
- 	 Residue identified by dansyl or DABITC 
sequencing 
- 	 Substandard dansyl or DABITC identification 
Residue identified by carboxypeptidase A 
- 	Substandard carboxypeptidase A identification 
' 	Residues identified by automatic sequenator 
- - - —k Substandard automatic sequenator identification 






Chapter 1 - Introduction 1 
1.1 Historical development 1 
1.2 Structure and classification of 
c-type cytochromes 3 
1.3 Function of c-type cytochromes 7 
1.4 Macromolecular sequences and 
evolution 10 
1.5 Phylogenies from 16S RNA data 13 
1.6 Selection of species for cytochrome 
characterization 14 
1.7 AquapiizLurn 	oonL, 16 
1.8 Bacu4 	eichenieo ,,uniz 16 
1.9 Rubredoxin 18 
1.10 C/ioitourn 20 
ChaDter 2 - Materials and Methods 
2.1 	Materials 	 22 
2.1.1 	Strains of bacteria used 	 22 
2.1.2 	Bacterial growth media 	 22 
2.1.3 	Material used for the purification 
of the cytochromes 	 23 
2.1.4 	Gel methods 	 24 
2.1.5 	Oxidation-reduction potentials 	 25 
2.1.6 	Materials used for protein digestion 
and manual sequencing 	 25 
vii 
page no. 
2.1.7 Materials used for automatic 
sequencing 25 
2.2 Methods 27, 
2.2.1 Introduction 27 
2.2.2 Polyacrylamide gels 27 
2.2.3 Coomassie blue stain 31 
2.2.4 Haem stain 32 
2.2.5 Isoelectric focusing 33 
2.2.6 Spectra 35 
2.2.7 Pyridine haemochrome 35 
2.2.8 ieasurement of midpoint oxidation- 
reduction potentials 36 
2.2.9 Amino acid analysis 38 
2.2.10 Tryptophan determination 40 
2.2.11 Digestion of proteins 40 
2.2.12 Sephadex chromatography and peptide 
mapping 43 
2.2.13 Purification of peptides by HVPE 44 
2.2.14 Paper chrornatogaphy 48 
2.2.15 Methods of detection of peptides 
and amino acids on paper 48 
2.2.16 Purity of peptides 52 
2.2.17 Peptide recovery 53 
2.2.18 Qualitative amino acid analysis 54 
2.2.19 The identification of N-terminal 
groups by dansyl chloride 56 
2.2.20 Dansyl-Edman sequencing 58 
2.2.21 DABITC sequencing of peptides 60 
2.2.22 Carboxypeptidase A 65 
viii 
page no. 
2.2.23 Automatic sequencing with a gas 
phase sequenator 65 
2.2.24 'Iethy1ation of Pth-aspartate and 
Pth-glutamate residues 68 
2.2.25 Carboxymethylation 68 
2.2.26 Analysis of phenylthiohydantoins 
by RPLC 69 
2.2.27 Separation of peptides by HPLC 71 
Chapter 3 - Aquapiium 	/50nL.L 75 
3.1 Introduction 75 
3.2 Growth of cells 79 
3.3 Purification of cytochromes c-550 
and c-556 79 
3.4 Partial purification of cytochrome 
ccJ 83 
3.5 Yields 84 
3.6 Ferredoxin 85 
3.7 Results of preliminary characteriza- 
tion of cytochromes c-550 and c-556 85 
3.8 Comments on cytochrome isolation and 
characterization 96 
Chapter 4 - The amino acid sequence of . 	 tonL 
cytochrome c-5'50 99 
4.1 Introduction 99 
4.2 Digest 1 - Trypsin 99 
4.2.1 Summary of peptides 99 
4.2.2 Comments on the tryptic digests 105 
4.3 Digest 2 - Thermolysin 109 
4.3.1 Summary of peptides 109 
ix 
page no. 
4.3.2 Comments on the thermolysin digest ill 
4.4 Digest 3 - Chymotrypsin 117 
4.4.1 Summary of peptides 117 
4.4.2 Comments on the chymotryptic digest 123 
4.5 Evidence for amide ascriptions in 
A. 	ii_zA .6onii 	cytochrome 	c-550 123 
4.6 Comments on the 4. 	ooni 
cytochrome c-550 	sequence 125 
Chapter 5 - BacLeu-i gich en i~P-ozini,6 	 132 
5.1 Introduction 132 
5.2 Growth of cells and cytochrome 
production 133 
5.3 Assays of c-type cytochrome 
production in B. 	c/ino,viz'3 135 
5.3.1 Spectrophotometric assay 136 
5.3.2 Isoelectric focusing assay 138 
5.3.3 Comments on the small scale growth 
experiments 138 
5.4 Large scale growth of cell 142 
5.5 Release of cytochrome from cells 143 
5.6 Purification of cytochromes 146 
5.7 Purity of isolated cytochromes 148 
5.8 Yields of cytochromes 150 
5.9 Properties of B. 	eich en iOo4m i z 
c-type cytochromes 150 
5.10 Comments on the cytochrome isola- 
tion and characterization 164 
VA 
page no. 
Chapter 6 - Partial sequericeof Bacii.o 
i,eozm i z cyto'chrome c-552 	 167 
6.1 	Introduction 	 167 
62 	Sequenator run- on whole protein 	167 
6.3 	Staphylococcal protease digest 	172 
6.4 	Comments on the B. £/no'u,zi.o 
c-552 partial sequence 	 183 
Chapter 7 - The amino acid sequence of the rubre- 
doxin from Chonourn 	ou-pula2ophiurn 188 
7.1 Digestion with chymotrypsin 188 
7.1.1 Conditions 188 
7.1.2 Separation of peptides 188 
7.1.3 Summary of peptides 188 
7.1.4 Comments on chymotryptic digest 191 
7.2 Digestion with thermolysin 194 
7.2.1 Conditions 194 
7.2.2 Separation of peptides 194 
7.2.3 Summary of peptides 194 
7.2.4 Comments on thermolysin digest 198 
7.3 Mild acid digest 199 
7.3,1 Conditions 199 
7.3.2 Separation of peptides 199 
7.3.3 Summary of peptides 199 
7.3.4 Comments on the mild acid digest 203 
7.4 Digestion with trypsin 203 
7.4.1 Conditions 203 
7.4.2 Separation of peptides 203 
xi 
page no. 
7.5 Evidence for amide assignments 207 
7.6 Comments on the rubredoxin sequence 208 
Chapter 8 	Inferring relationshFps from p-rotein 
sequences 214 
8.1 Introduction 214 
8.1.1 The Data Set 214 
8.1.1.1 Choice of proteins 215 
8.1.1.2 Aligning protein sequences 217 
8.1.2 Inferring evolutionary trees 219 
8.1.2.1 Information content of the Data Set 219 
8.1.2.2 Counting mutations 221 
8.1.2.3 Parsimony methods 222 
8.1.2.4 Compatibility methods 223 
8.1.2.5 Phenetic methods 224 
8.1.2.6 Statistical methods 225 
8.1.2.7 Some practical considerations 225 
8.1.3 Ordination methods 227 
8.2 Methods used for computer analysis 
of protein sequences 228 
8.2.1 Computing facilities 228 
8.2.2 Sequence alignment 228 
8.2.3 TJPGMA analysis 228 
8.2.4 Ordination methods 229 
8.2.5 Parsimony methods 229 
8.3 Results of analyses - 	 4qua212L4L1Lm 
231 




8.3.2 UPGMA analysis 231 
8.3.3 Principal Coordinate analysis 231 
8.3.4 Parsimony analysis 232 
8.3.5 Comments on the 4qapiJLLum 
Li.óonLL 	analyses 232 
8.4 Results of analyses - BaciUuz 
c/OIu1z iz 250 
8.4.1 Sequences co-analysed and sequence 
alignment 250 
8.4.2 UPGMA analysis 250 
8.4.3 Principal Coordinate analysis 256 
8.4.4 Comments on the Baciu-3 	g i chzni- 
&,vniz analyses 256 
8.5 Results of analyses - C/o/LoPLtim 
i-h iozugpha.~ophieuin 257 
8.5.1 Sequences co-analysed and sequence 
alignment 257 
8.5.2 Results and comments on analyses 257 
Chapter 9 - Discussion 260 
9.1 4qua-612LizLUurn 	ii-,e z zonii 260 
9.1.1 Historical accuracy of a sequence 
261 based phylogeny 
9. ' l .2 Function of cytochromes c 2 263 
9.1.3 Lateral gene transfer 270 
9.1.4 Loss of photosynthesis 271 
9.1.5 Cytochrome c-556 275 
9.1.6 The tt c _t ype cytochrome profile" 278 
9.1.7 Ferredoxins 280 
9.1.8 Summary 281 
9.2 Bacu4 gich en i,&Ami-3 282 
9.2.1 Cytochrome c-552 and c-551 282 
xiii 
page no. 
9.2.2 Distribution of cytochrorne c-551 285 
9.2.3 Cytochromes from Gram-positive 
bacteria 287 
9.2.4 BacLFu6 	£chnL/O1Lrni-o 	cytochrome 
c-554 288 
9.2.5 BacUu6 	c/no/Lml--S cytochromes 
and phylogeny 290 
9.3 Genes, 	Cytochromes and Sequences 293 
9.4 Other possible lines of research 295 
9.4.1 quap LLrn 	Li'ionLL 295 
9.4.2 Bac.u-o 	eichenieolziniz 296 
9.5 C/loJLo'Lum 
rubredoxin 298 
9.6 Sequencing technology 300 
9.7 Final remarks 301 
Bibliography 302 
Chapter 1 - Introduction 
(1.1) Historical development 
Proteins were recognized as being species specific 
at an early stage in the development of biochemistry. 
Reichert & Brown (1909) demonstrated that the shapes and 
angles of haemoglobin crystals were characteristic for 
each species examined. Huttal (1904) attempted to quanti-
fy the strength of the precipitin reactions of serum 
proteins to antisera raised in rabbits. Both studies 
suggested that the amount of protein difference was di-
rectly related to the evolutionary separation of the 
species compared. 
Cytochromes are a class of proteins that have proven 
particularly suitable for comparative studies. The first 
observations of cytochromes arose from the spectroscopic 
examinations of tissue sections made by MacNunn (1884), 
who observed a characteristic spectrum composed of four 
bands in the visible region of the spectrum. These bands 
were observed to disappear on oxidation with hydrogen per-
oxide, and were ascribed by MacHunn (1886) to a single 
respiratory pigment. This pigment was termed either myp-
haemotin or histohaemotin, depending upon the type of 
tissue in which it was observed. MacMunn considered this 
Pigment to be either analogous to, or derived from, haerno-
globin, the spectral properties of which were already 
1 
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partially known. This confusion as to the true nature 
of the pigments was further complicated by later authors 
(see Keilin, 1966 for an extensive review). 
The term "Cytochrome" was first coined by Keilin 
(1925). Spectroscopic examination of tissue sections from 
the parasitic larvae of the insect aoizop/iLeua LnLi-6n-
a6 ieveIed the presence of four absorbtion bands at 
approximate wavelengths of (a) 604 nm, (b) 564 nm, (c) 550 
nm and (d) 521 nm. Subsequent observations showed that 
this absorbtion pat-tern was also present in cultures of 
Sacchaio,izyc2 cv-oa (Bakers yeast) and a strain of 
"BacLu-o uPiJ--6" , which indicated that the absorbtion 
band pattern was unconnected with haemoglobin. Keilin 
postulated that the absorbtion spectra were derived from 
three components: bands a, b and c were produced from the 
alpha absorbtion bands of cytochromeS a, 9 and c respec-
tively, whilst the d band was produced from the combined 
absorbtions of the beta bands of the three components. 
Cytochrome c could easily be solubilized from acetone 
dried tissue preparations but cytochromes a and 9 could 
not be so extracted. This early work was chronicled by 
Keilin (1966) in his memoir. 
CytochromeS of the c-type have since been shown to 
be present in all eukaryotic and many prokaryotic organisms. 
The literature has been extensively reviewed (e.g. Meyer 
& Kamen 1982; Lemberg & Barrett, 1973), and so this intro - M 
 will confine itself to an outline of the context 
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of this investigation. 
(1.2) Structure and classification of c-type cytochromes 
Because of the ubiquitous occurrence and essential 
importance of the cytochrome system in eukaryotic respir-
ation, most early work on cytochrome isolation and char-
acterization was confined to mitochondrial systems. 
Mitochondria contain only two different classes of c-type 
cytochromes mitochondrial cytochrome c, which is a small 
soluble molecule, and a larger, membrane bound protein, 
known as cytochrome c 1 . However, extension of this work 
to prokaryotic systems revealed the presence of a far 
greater variety of c-type cytochromes. These differed 
from each other in many physio-chemical aspects, such as 
size, oxidation-reduction potential, isoelectric point, 
and details of their spectra. At first new groups of 
c-type cytrochromes were designated simply by the use of 
new integral subscripts, such as c 21 c 3 etc. Such usage 
was later restricted, and where newly discovered cyto-
chromes could not be accomodated in groups already des-
cribed they were named according to their source and the 
position of the reduced alpha peak, e.g. P udo,'zona-6 cyto- 
chrome c-551. 
Cytochromes of the c-type are now defined as proteins 
which have a covalently linked haem group. However, as 
examination of prokaryotic c-type cytochromes has shown, 
this encompasses a wide and heterogenouS range of molecules. 
4 
Many c-type cytochromes are small soluble molecules which 
are not strongly bound to the membrane, and as they can 
usually be extracted in good yield from a wide variety 
of sources they have been the subject of numerous sequence 
studies. The "Atlas of Protein Sequence and Structure" 
(Dayhoff, 1972 & supplements) summarizes most of the known 
sequences. Tertiary structures have also been deduced by 
X-ray crystallography for a range of these small c-type 
cytochromes (Salemme et a&,1973a, b; Timkovich & Dick-
erson, 1973, 1976; Almassy & Dickerson, 1978; Matsuura 
a&,1982). Higher molecular weight c-type cytochromes 
do exist (e.g. mitochondrial cytochrome ci) but very 
little structural information is available yet (Knowles 
a.,1974; Matsushita 	a&,l981; Wakabayashi1980). 
The availability of structural information for these 
small cytochromes has helped to clarify the relationships 
between groups which had previously been defined on the 
basis of more general physiochemical data. Ambler (1977a, 
1982) has proposed a classification system based on such 
data, and this is briefly outlined in table 1.1. Classes 
I, II and III have been best characterized, and X-ray 
structure analysis has shown that the chain fold is diff-
erent in each case. However, the characteristic haem 
binding site for all three groups is the same, Cys-X-X-Cys-
His, and has presumably arisen by covergent evolution. 
The haem group is almost always attached by two thioester 
bonds to the cysteine residues, and the histidine residue 
Table 1.1 
Classes of c-type cytochromes (after Ambler 1977a, 
1982) 
Class I: Haem attachment site near the N-terminus. 
Single polypeptide chain of 80-130 residues (except cyto-
chrome cL.). Sixth iron ligand is methionine at about 
position 60. This class has been divided into several 
subclasses. 
IA: Long cytochromes c 2 , e.g. Rhodopi.iUurn iw/LL2m 
cytochrome c 2 . 
IB: i"iitochondrial cytochrome c and cytochromes c 2 of 
the same length, e.g. Rhodopzeudononaz vt'zLdL-i 
cytochrome c 2 . 
IC: Split alpha band c-type cytochromes, e.g. cyto- 
chrome c, algal "soluble cytochrome !". 
ID: "Pseudomonas" type cytochrome c-551, e.g. P-oudo- 
mona-o auLgno3a cytochrorne c-551. 
IE: Cytochrorne c 5 , small cytochromes probably derived 
by proteolysis from a larger molecule, e.g. 
PcJo,izona-a iizndocLna cyto chrome c 5 . 
Class II: Haem attachment site near the C-terminus. 
Single polypeptide chain of about 120 residues. Iron atom 
may be either low spin or high spin (five iron ligands 
only). Examples: high spin, bacterial cytochrome c 1 ; low 
spin, Rhodop'i.udornoncz-o pa 4.1z.L-o cytochrome c-556. 
Class III: Multiple haems, more than one attached 
per 30 residues of polypeptide chain. Low redox potential. 
Example: Duov'o vuga'zJ cytochrome c 3 . 
Class IV: Complex proteins which have other types of 
prosthetic group in addition to haem c. Examples: Flavo-
cytochrome c, cytochrome cd (nitrite reductase). 
This classification does not include integral membrane 
c-type cytochromes, such as mitochondrial cytochrorcie c i 
and chioroplast cytochrome ; or the large membrane assoc-
iated CO-binding c-type cytochromes, such as P-s. atuçjno-sa 
cytochrome c peroxidase or /Vii/Loornona-6 euzopaea cyto- 
chrome cco_55O• 
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coordinates with the iron atom to form the fifth ligand. 
A sixth iron ligand is present in groups I and III, but 
may be absent in group II. The lack of a sixth ligand 
confers a high spin character on the iron atom, and as a 
result the spectrum is myoglobin-like (c.f. low spin cyto-
chrome spectrum as shown in fig 3.2.3). In both high spin 
and low spin cytochromes the iron atom may exist as Fe 
2+ 
(reduced) or Fe 3 + ( oxidized). 
Several tertiary structures have been deduced for 
cytochromes in different subclasses of group I, and these 
have shown that, despite the requirement for several in-
sertion or deletion events, the chain fold for each case 
examined is basically the same (Almassy & Dickerson, 1978). 
For example, the cytochromeS c 2 are small soluble cyto-
chromes characteristically found in purple photosynthetic 
bacteria. Their spectra are very similar to those from 
mitochondrial cytochronies c, and this similarity is also 
apparent in the amino acid sequences from the two groups. 
The tertiary structures, as deduced from X-ray analysis, 
showed that the chain folds are closely related. The 
insertion/deletion events that must be postulated to align 
some sequences occur on the surface of the molecule, and 
usually correspond to loops of polypeptide chain. 
(1.3) Function of c-type cytochromes 
Cytochromes of the c-type are components of electron 
F:' 
transport chains, in which they function as electron 
carriers between a cytochrome reductase and a cytochrome 
oxidase. In mitochondria the immediate electron donor 
to cytochrorne c is thought to be cytochrome c 1 , whilst 
cytochrome aa 3 functions as the cytochrome oxidase. In 
bacteria the functions of c-type cytochromes areless well 
understood. Cytochrome c 2 from some purple phototrophic 
bacteria has been shown to function in cyclic photosynthetic 
electron flow (Van der Wal & Van Grondelle, 1983; Bowyer 
i a.,1980; Crofts 	a&,1983). Bacterial c-type cyto- 
chromes have often been implicated in denitrificatiOn. 
Cytochrorne cd is a denitrifying nitrite reductase:cyto-
chrome c oxidase first isolated from P-a. cugLno-a where 
cytochrome c-551 can function as the electron donor (Horio, 
1958a, b; Yamanaka 	a.,1960, 1961). Bacteria tend to 
be able to vary their electron transport systems. The 
components synthesised, and hence the flow of electrons, 
depends on the growth conditions. For example, Rhodo-
pzeudomona ,6 4phaizOLdP--6 produces an a-type cytochrome as 
the principal oxidase under aerobic conditions. However 
under low oxygen tensions this oxidase is repressed and 
a cytochrome o (thought to be a membrane bound, high spin 
9-type cytochrome) is induced as the principal oxidase 
(Connelly eat. ar., 1973). 
Wood (1983) has proposed an explanation for the origin 
and location of c-type cytochromes based on two general 
observations. 
The covalent linkages of the haem group to the protein 
confer no novel properties on the haem group. Proteins 
with non-covalently bound protohaem (i.e. 9-type cytochromes) 
can be found with properties that parallel those of c-
type cytochromes (e.g. 	cheAichia cog cytochrome 9-562 
is a small soluble cytochrome with a chain fold that 
resembles that found in the cytochromes cT (Weber & Salemme, 
1980)). 
Bacterial c-type cytochromes are located in the pen- 
plasmic space or on the peniplasmic side of the cytoplasmic 
membrane, for instance cytochromes c 2 and c' in Rpó. 
3pha.itoLd-4 (Prince 	a.,1975) and the cytochrome cd in 
P_s. a/LugIno-oa (Wood, 1978). 
Wood proposed that the covalent protein/haem linkage 
prevents inactivation of the cytochrome by loss of the 
haem. Such dissociation would not be an important consid-
eration in an intra-cellular location, where the finite 
haem concentration will promote reassociation, but in the 
periplasm the haem may be lost to the surrounding medium. 
In this hypothesis c-type cytochrothes originated as proteins 
located in the peniplasmic space or on the peniplasmic 
side of the cytoplasmic membrane. Subsequent evolution 
has led to its internal location in eukaryotes and cyano-
bacteria, but the covalent links have been maintained 
because of their structural role. 
(1.4) Macroniolecular sequences and evolution 
The prediction that comparison of protein sequences 
could yield phylogenetic information was made by Crick 
(1958) and Zuckerkandi & Pauling (1965). Sequences 
derived from c-type cytochromes have often been used for 
such studies, and indeed many sequences have been deter- 
mined principlly for phylogenetic reasons. Early attempts 
to derive phylogenetic information from cytochrome sequen-
ces were restricted to mitochondrial cytochrome c. The 
initial results were encouraging, the constructed trees 
being very similar to those derived by classical methods. 
Later attempts have used increasingly sophisticated algo-
ithms. The sequence homology between some of the class I 
prokaryotic cytochromes c, particularly cytochrome c 21  
and the mitochondrial cytochrome c prompted attempts to 
extend this tree into the prokaryotes (Dayhoff, 1983 for 
the most recent phylogeny). The numerical and biological 
validity of these methods has been debated at length, and 
the problems associated with the construction of such a 
phylogeny will be discussed in chapter 7. 
Any phylogeny constructed from a single set of homol-
ogous genes, or gene products, is by definition a phyla-
geny of the gene. Such phylogenies have often been 
equated with the phylogeny of the species from which the 
gene, or gene products, was obtained. This proposition 
rests on the assumption that speciation occurs by diver-
gence from a common ancestor and that after this event 
'Iii 
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there is no interspecies gene transfer for the gene being 
considered. 
The occurence of interspecies gene transfer is a 
source of considerable controversy. Such events, if they 
do occur, should be recognisable by the non-congruent 
topologies of phylogenies inferred from different genes. 
Ambler (1984) has cited several possible examples, of 
which two cases will be briefly mentioned below. 
Superoxide dismutase (SOD) is a widely distributed 
enzyme that reduces the superoxide ion. It occurs in three 
forms: a manganese form found in mitochondria and some 
prokaryotes, a copper-zinc form usually found in the 
eukaryotic cytosol, and an iron form found mostly in pro-
karyotes. The first example of the Cu-Zn enzyme found in 
• prokaryotic organism was in PooPacILLurn 	ogncL./l, 
• symbiont of the ponyfish (Puget & Michelson, 1974). 
Later work has tried to show that on the basis of amino 
acid composition the P/iooacJ-itiLL,?z enzyme resembled 
teleost fish SOD more than any other SOD examined (Martin 
& Fridovich, 1981), and a gene transfer event was postu-
lated to explain this. However amino acid sequencing 
showed that the amino acid composition used for these 
comparisons had been incorrect, and the protein sequence 
only showed about 30% homology with vertebrate SOD (com-
pared with 50% homology for the yeast/vertebrate compari-
son) (Steffens i a&,1983). This example has also been 
weakened by the discovery of a second prokaryotic Cu-Zn 
SOD in the free living fresh water bacterium Cauo.acJ-it 
cicnta-o (Steinman, 1982). 
Possible lateral gene transfer of a histone gene 
cluster between echinoderms has been reported by Busslinger 
:1982). While sequencing clones of histone genes 
from sea urchins a clone from a North Atlantic species 
a,zrnchnu-o ,aiz-, was found to differ by only 1.3% 
of its bases from a homologous clone from Songy0cn0- 
puiy?u7au4, a Pacific species which diverged from it 
about 65 million years ago. The homology, which includes 
nontranscribed sequences, could be explained by unusually 
extreme conservation of sequences or by lateral gene trans-
fer. In support of this latter hypothesis a similar 
homologous clone was found in S 	 cL1z8ach- 
n-3'3, a species which has migrated to the North Atlantic 
during the last 5 million years. 
Link & Reiner (1982) suggested that lateral gene 
transfer should be most common for genes carrying strong 
selective traits, and produced evidence for a possible 
mechanism. The genes for ribitol and D-arabitol catabol-
ism are present in E. coei C strains, where they are 
chromosomal, but completely absent in £. coe K-12 and B 
strains (Reiner, 1975). When the genes for these proteins 
were sequenced they were found to be surrounded by imper-
fect inverted repeats (Link & Reiner, 1982) suggestive of 
12 
13 
vestigial transposable elements. The plasrnid-borne genes 
coding for antibiotic resistance can also confer a strong 
selective advantage, and the widespread, but erratic, 
distribution of different sequence types of -lactamase 
is probably best accounted for by lateral gene transfer 
(Ambler, 1980, 1984). 
(1.5) Phylogenies from 16S RNA data 
A different approach to prokaryotic phylogeny has 
been made using 3.6S ribosomal RNA (Fox, Pechman & Woese, 
1977; Fox et a&,1980; Stackebrandt & Woese, 1981). 
Ribosomal 16S RNA is isolated and digested with Ti ribo-
nuclease to produce a set of oligonucleotides. The oligo- 
nucleotides are resolved by t;o dimensional electrophoresis 
and then the individual oligonucleotides sequenced. This 
produces a catalogue of oligonucleotides characteristic 
of the 16S RNA molecule used. Catalogues from different 
organisms are compared by average cluster analysis, and 
hence a dendrogram obtained. 
The validity of the results obtained by this method 
is still an open question. The method has the advantage 
of using an ubiquitous sequence, and data is relatively 
easy to obtain from many organisms. However As the mole-
cule is not sequenced directly, any insertion/deletion 
events are ignored. The numerical methods employed for 
building the tree are vulnerable to criticism for the same 
reasons as other phenotypic tree building methods (see 
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chapter 7). It has been proposed that 16S RNA is such an 	
-1 
integral part of the cellular machinry that lateral gene 
transfer is unlikely to occur (Fox zt a&,1977), but this 
has not been proven, and it has been shown that hybrid 
ribosomes may be constructed with 16S RITA and ribosomal 
proteins originating from different species (Nomura, 1973). 
Whether or not phylogenetic trees derived from 165 RNA 
and c-type cytochromes are congruent has prompted debate 
(Woese et a&, 1980; Dickerson, 1980. 
An interesting feature of both these sequence based 
methods for reconstructing prokaryotic phylogeny is that 
the phenograms produced do not necessarily agree with 
phylogenies produced by classical methods. In particular 
the division between photosynthetic and non-photosynthetic 
bacteria does not seem to be of primary significance 
(Stackebrandt & Woese, 1982; Dayhoff, 1983). 
(1.6) Selection of species for cytochroine characterization 
Unless very expensive automatic equipment is avail-
able, protein sequencing is a labour intensive technique 
and several man-months are required to sequence a protein 
of. cyto chrome size. It is therefore important to select 
organisms that are likely to yield interesting and useful 
results. The criteria for interest obviously differ from 
case to case, but some general considerations are listed 
below. 
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Cytochrome production. It is necessary to use a 
bacterium that produces a small (i.e. with a molecular 
weight of under about 15,000) soluble c-type cytochrome. 
Many bacteria, such as E. coL and members of the genus 
Coid-i.'m are excluded by this criterium. It is also 
preferable to use a strain that produces sufficient cyto-
chrome for sequencing studies. 
Classification. For phylogenetic purposes it is 
desirable to use an organism that has been well defined 
taxonomically by classical bacteriological techniques. 
163 RNA data. The comparison of phylogenies derived 
from 16S RNA data with those derived from cytochrome 
sequences is of particular interest for the reasons dis-
cussed in sections 1.4 and 1.5. 
Morphology and metabolism. Sequence-based phylogenies 
show a low level of correlation between morphology and 
phylogeny. For instance the analysis of the cytochromes 
C2 from the purple non-sulphur bacteria indicates that 
the genera R/iodopiudoiizona- and i?hodop Irn have little 
phylogenetic significance (Dayhoff, 1983). Sequence 
based phylogenies also show clustering of non-photosyn-
thetic bacteria with photosynthetic bacteria (Stackebrandt 
& Woese, 1982; Dayhoff, 1983). It is therefore of inter-
est to sequence cytochromes from a range of bacteria which 
have different morphological and metabolic characteristics. 
An outline of the rationale used for the selection 
of the organismes used in this work is given in sections 
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1.7 and 1.8. The archaebacteria would also be of partic-
ular interest, but were not investigated in this work 
because of the difficulty of growing large enough amounts 
of these organisms for extraction of the necessary quan-
tities of c-type cytochromes. 
(1.7) Aqua-opLizLUu;z ite4zoni i  
This organism has been well characterised by class-
ical techniques (Hylemon zi a&,1973; Carney 	a.,1975) 
and has also been shown to produce a small solubk c-type 
cytochrome (Clark-Walker & Lascelles, 1970). Stackebrandt 
& Woese (1981) reported that, from 168 RNA data, the 
organism was closely related to /-o. 	 A. 	izooni 
does indeed show some morphological similarity to Ro. 
iutL'zunz, but whilst A. jiept,3onii is a chernoheterotroph, 
Ro. iutiurn is phototrophic. A more detailed account of 
A. L 	oonLi is given in section 3.1. 
(1.8) 	Bacu-o 	c/icno'z-m-O 
All bacteria are divided into two categories depend-
ing upon their ability to retain the Gram stain. A strain 
of the Gram positive bacterium BacLeu-3 ouPJ.LeLo was the 
first prokaryotic organism in which c-type cytochrome was 
observed. Despite this, very little is known about the 
cytochrOmeS of Gram positive bacteria. Only limited physio-
chemical information is available, and no amino acid 
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sequences have been reported. This slow progress can be 
attributed to the lower amounts of c-type cytochromes 
present in the Gram positive bacteria, and greater diffi-
culty in solubilization compared to the Gram negative 
bacteria. 
In this laboratory, whilst purifying the membrane 
bound penicillinase from B. 	c/noizrn-o, Meadway (1969) 
noticed the co-purification of a c-type cytochrome, and 
this was used at the starting point for this work. 
B. 9ichznieoznziz is very similar to B. -outLe-3 in 
both physiology and morphology. The major distinguishing 
characteristic is that B. 	chzniPo/zniz is capable of an- 
aerobic growth using nitrate as a terminal electron 
acceptor, unlike B. 	 which can only use oxygen. 
Unfortunately no 16S RNA based phylogeny has yet been 
reported for either of these organisms. However several 
other BacLe-L have been investigated by this method, and 
these have been shown to form a single cluster (Stacke-
brandt & Woese, 1981). A more detailed account of both 
B. 	c/ino41?z1j, and what is known about c-type cyto- 
chromes from Gram positive bacteria, is given in chapter 5. 
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(1.9) Rubredoxin 
Although c-type cytochrome sequences have been 
extensively used to construct phylogenetic trees, sequences 
from other proteins may also yield useful phylogenetic 
information. 
Rubredoxin, a non-haem iron protein, was first 
isolated from Co-izcLLurn paJazanLurn (Lovenberg & 
Sobel, 1965). It has since been found predominantly in 
anaerobic bacteria, for instance: DuovU.-i.Lo glgcio 
(LeGall & Dragoni, 1966), Du oDL-itLo duuizLccin-
(Newman & Postgate, 1968), t1gci-612haiza eJ .6 d enii (Atherton 
L ae., 1966), Pp.ococcocLz-6 aiiogn- (Bachmayer 	aL, 
1967a) and Co'iLzLdiurn 	 (Ragsdale & 
Ljungdahl, 1984). 	 L/rnoace2curn has been 
shown (uniquely) to contain two distinct rubredoxins 
(Yang et aL, 1980). The molecular weights of these 
proteins are about 6000 daltons, and the redox potentials 
about -50mV at pH 7.0. The oxidized spectrum has absorb-
tion maxima at 280, 380 and 490nm, but is completely 
bleached on reduction. The amino acid sequences have 
been reported for the protein from Pe. aezogene- (Bachmayer 
et aL,1967b), D. giga (Bruschi, 1976b), t'i. e-idenL 
(Bachmayer ez a, 1968b), D. Du.ega/-o (Bruschi, 1976a), 
and C. paeuit-LanLurn (Herriot e aL, 1973). 
Rubredoxin contains one iron atom, but no inorganic 
sulphur. There are four cysteine residues in the sequence 
and although early work suggested a hexadentate chelation 
of the iron (Bachmayer et at., 1966, 1968), X-ray struc-
ture analysis showed tetrahedral chelation to the sulphur 
atoms in the cysteine residue side-chains (Herriot zt aL, 
1970; Watenpaugh 	aL, 1972, 1980). 
Only two rubredoxins have been isolated from obligate 
aerobes; ?.oudornona-o oovo,an-6 Peterson 	aL, 1966) and 
	
(Aurich 	aL, 1976). The 
?s. oteovoitan-o rubredoxin is unusual in that it is about 
twice the size of the C. pazteuAianium rubredoxin; sequence 
data suggests that this was caused by an ancestral gene 
duplication (Benson 	a., 1971). 
The P.. oLovoizan-s rubredoxin has been shown to 
function as an electron carrier in an enzyme system that 
hydroxylates alkanes and fatty acids (Peterson et ag, 
1966, 1970). The system requires an NADH dependent 
rubredoxin reductase, rubredoxin, w-hydroxylase, NADH 
and molecular oxygen; substrate e.g. octane, is w-hydroxy-
lated, e.g. to n-octanol. Lode and Coon (1970) showed 
that rubredoxin from anaerobic bacteria cannot function 
as electron donors to the P-s. otgovo,Lan-o w-hydroxylase. 
The alkane oxidizing system of 4c. cacoacLLco may 
function in a similar manner (Claus et aL, 1980). 
The function of rubredoxin in anaerobic bacteria is 
largely unknown. It obviously cannot function in a mono-
oxygenase system in these organisms. Rubredoxin has been 
19 
20 
found to substitute for ferredoxin in a few oxidation-
reduction reactions, but usually at a very low rate. 
Ragsdale i a. (19.83) have found that rubredoxin is a better 
electron acceptor than ferredoxin in the CO dehydrogenase reac-
tion in Co-Lt.LdLum thelunoaceticuin. Similar CO dehydrog-
enases have also been found in cLoac4Lizm wood., 
CoLcJLirn oiznzLcoaceiLcum (Ragsdale, 1983) and C. 
pauizianurn (Drake, 1982). 
Pyridine nucleotide-dependent rubredoxin oxi do reduc-
tases have been isolated from C. -hwzoacLLcLLm (Yang & 
Ljungdahl, quoted in Ragsdale et ar., 1983), C. acezo-
Lu.LytLcurn (Petitdemange et ctL, 1979) and D. gga 
(LeGall & Forget, 1978). 
(1.10) C/io,ourn thio z u ephaiophiguin 
Rubredoxin has not been detected in the purple 
sulphur or non-sulphur photosynthetic bacteria, but was 
found in the green photosynthetic bacteria Coi.o.e,zrn 
and 'CI oitopucLomona..o ethygical (Meyer 
a€., 1971). The latter 'organism' has since been 
shown to be a consortium of a C/lo4oiurn strain (Gray ei-
ag., 1973) with the sulphur reducer Duuzomona.o 
acoxdan (Pfennig & Biebi, 1976). 
The Cheo4ou,iz 	 turn rubredoxin isolated 
by Meyer z-t a. (1971) was used in this work. It had 
been shown to have a redox potential, spectrum and 
molecular weight similar to those of rubredoxins isolated 
from other non-photosynthetic anaerobic bacteria, and 
thus a sequence comparison would be of considerable 
interest. It was also used as an available protein to 
gain sequencing experience while working on the isolation 
of cytochromes from 74. Lii-oonLL and B. 	c/nL±o'viz-3. 
21 
22 
Chapter 2 - Materials and methods 
(2.1) 	Materials 
(2.1.1) Strains of bacteria used 
4guapLurn 	wonLL: A constitutive peni- 
cillinase mutant derived from strain ATCC 11331, 
designated 11331/c, was used for all work. 
2qci g~ u.6 gi chen i f o A m i ,6 : Two strains were used. 
NCIB 11109 (which is a constitutive penicillinase 
mutant derived from NCIB 11108), and a constitu-
tive penicillinase mutant derived from NCIB 6346 
and designated 6346/c. 
The mutants were derived by J. Fleming (Depart-
ment of Molecular Biology, University of Edin-
burgh), from whom the strains are available. 
(2.1.2) Bacterial growth media 
All the following compositions are per litre of 
medium. 
L-broth 	Difco-bacto-tryptOne, lO g ; Difco- 
yeast extract, 5g; pH 7.2 with NaOR. 
Oxoid broth: Oxoid nutrient broth 25g; pH 7.5. 
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GGS medium (NH4)250+, 2g; K 2 1JIP0.3H20, ?g; 
KH2PO4, 3g; MgS0.7H20, 200mg; 
CaC1 2 .2H 2 0, 53 mg; Mn50, 7.5mg; 
sodium-L-glutamate, 3.75g; sodium 
succinate.6H 2 0, 1.35g; glycine, 
0.375g. (Clark-Walker a Lascelles, 
1970). 
OH/s medium: 1% (w/v) casamino acids; 0.021M 
potassium phosphate buffer pH 7.2. 
1 ml/litre of salt solution compri-
sing per 100 ml of very dilute HC1: 
MgSO4.7H20, 25g; Fe50 4 .7H 2 0 1 100mg; 
Zn504.7H20, 100mg; 1.1'nSO4.4H201 10m9; 
CuSO4.5H20, 1mg; K 2 Cr 2 07, 0.2mg. 
(Pollock, 1965). 
In addition the following were 
added to the medium: monosodium-L-
glutamate, 2.9g; ferric citrate, 
0.5mg; sodium nitrate, 2.0g. 
(2.1.3) Materials used for the purification of the cyto 
chromes 
Tris buffers 
	Aqueous Tris of nearly the desired 
molarity was adjusted to the required 
pH with HC1, then diluted to the exact 
molarity. 
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Ammonium acetate Aqueous ammonium acetate of nearly the 
buffers: 	 desired molarity was adjusted to the 
required pH with either 2M ammonia or 
iN acetic acid, then diluted to the 
exact molarity. 
DNAase: 	 Sigma. Crude DN-28, from bovine pancreas 
Lysozyme 	 Sigma. 
R TA- Aase: 	 Sigma. 
Ion-exchange 
celluloseS 	Whatman. 
Octyl sepharose: Pharmacia. 
Sephadex: 	 Pharmacia. 
(2.1.4) Gel methods 
Acrylamide: BDH. 
Bis-acrylarnide BDH. 	Especially pure for electrophoresis. 
5DS: BDH. 
Agarose: LKB. 	Isoelectric focusing grade. 





electrode Russel. 	Fife, 	Scotland. 
(2.1. 5) Oxidation-reduction potentials 
Ag/AgC1 electrode: 	 Russel. 
Phenazine ethanosuiphate: Sigma. 
Phenazine methosulphat.e 	Sigma. 
Diarninodurol: 	 Aldrich. 














A solution of N/lO ammonia was 
adjusted to pH 8.5 with iN acetic 
acid. 
Worthington. 








Si gin a. 
(2.1.7) Materials used for automatic sequencing 
Seq uenator 
	 Applied Biosystems. 
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All chemicals used by the sequenator 
were supplied by Applied Biosystems. 
HPLC 	(for The HPLC equipment consisted of the 
Pth-amino acid following items. 	Two high pressure 
separation) pumps with a high pressure mixing cham- 
ber (Waters 6000A), 	an automatic injec- 
tion module 	(Waters N710B), 	a gradient 
and system control module 	(Waters 	1720), 
and a data recording module (Waters 
I'1730). 	The 	column used was a long chain 
acetonitrile type 	(IBM Cyano; 	4.5mm x 
250mm, 	5im particle size), which was 
kept at 32 0 0. 	A short guard column was 
also used. 	The eluate was monitored at 
254nm 	(Waters 441B) 	and 313nm (Perkin 
Elmer LS75). 
All chemicals used were of HPLC grade. 
HPLC (for 	The HPLC equipment used consisted of 
peptide 	 the following. A high pressure pump 
separation) 	with a low pressure mixing chamber, a 
gradient controller, and a chart recor-
der (Dupont). The eluate was monitored 
at 220nm and 280nm (Dupont). A 018 
column was normally used (4.5mm x 250mm, 
5pm particle size, manufactured by the 
Chemistry Dept, University of Ghent) but 
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an acetonitrile column was used in some 
cases (see above). 
All chemicals used were of HPLC grade. 
(2.2) 	Methods 
(2.2.1) Introduction 
Details of bacterial growth and cytochrome iso-
lation procedures are given for A. 	,-ronLL in chapter 3, 
and for B. gichznieoAmiz in chapter 5. 
Many of the methods used for protein sequencing 
in this work have been developed by Ambler and are pub-
lished in a series of papers on bacterial electron trans-
port proteins (Ambler, 1963a, b; Ambler & Brown, 1967; 
Ambler & Wynn, 1973). In general, emphasis is put on 
electrophoretic and chromatographic separations on paper 
rather than ion-exchange column methods. However where 
only limited amounts (less than about 2iiMol) of material 
is available more sensitive HPLC and automatic sequencer 
based methods are required, and these were used for the 
B. £chnL i oiunz cytochrome c-552. 
(2.2.2) Polyacrylamide gels 
All gels were run as slabs. Two types of de-
naturing polyacry1amid gels were used. Gradient gels 
were used first for the purity assays of the cytochrome 
C. However, as the separation of c-type cytochromes with 
similar molecular weights was poor on these gels, 20% non-
gradient gels were later used for this purpose. 
(a) Gradient gels 
The solutions shown in table 2.2.1 were made and 
stored at 4 0 C. The gradient used was 9% - 27%, prepared 
with a gradient maker as shown in table 2.2.1. After the 
gradient was poured water was layered onto the top of the 
gel, which was then allowed to set. Once set, the water 
was removed. An upper stacking gel was poured directly 
on (see table 2.2.1). A comb was inserted into the upper 
gel before it sot so as to produce slots in the gel to 
carry the samples. This recipe gave a stacking gel of 
1cm effective height, on a running gel of 15cm height x 
12cm width. 
The samples were dried, redissolved in 50tl of 
sample buffer, and then heated for 15min in a 105 0 C oven. 
About 10p1 of sample solution could be loaded in each slot. 
Between 0.5 and 5ni4ol of cytochrome was found to give 
satisfactory results when stained with either Coomassie 
blue (section 2.2.2.2) or the heam stain (section 2.2.2.3). 
Electrophoresis was carried out overnight at 
about 50 volts (i.e. about 4 volts/cm). Bromophenol blue 
was used in the electrophoresis buffer as a marker. 
Table 2.2.1 Sodium dodecyl sulphate (SDS) polyacrylamide 
gel electrophoresis - buffers and solutions 
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Lower gel buffer 
22.7g Tris 
0.5g SDS 
Volume brought to lOOmi 
with H 2 0 and a.justed to 
pH 8.8 with HC1. 
Upper gel buffer 
6.Og Tris 
0.4g •SDS 
Volume brought to lOOmi 
with H 2 0 and adjusted to 
pH 6.8 with HC1. 




Volume brought to 1 litre 
with H 2 0. Before use the 
concentrated tank buffer is 






Polyacrylamide concentration gradient (9-27%) gel 
Lower gel solutions 	Upper gel 
Lower gel buffer 
Upper gel buffer 
40% acrylamide 
(w/v in H 2 0) 
3% bis-acrylamide 
(w/v in H 2 0) 
TEMED 
Ammonium persuiphate 





3.0 ml 	3.0 ml 	- 
- 	 - 	 5.0 ml 
3.75m1 	12.0 ml 	1.25m1 
1.5 ml 1.5 ml 4.0 ml 
10 l 10 pl 25 pl 
250 p1 250 p1 500 p1 
8.25m1 	- 
	 9.7 ml 
Non-gradient gel (polyacrylamide concentration = 22%) 
Lower gel solution 
	Upper gel 
Lower gel buffer 	 7.5 ml 
40% acrylamide 	 25.0 ml 
3% bis-acrylamide 	 3.75 ml 
TEMED 	 20 	W1 
Ammonium persuiphate 	 750 	p1 
(10 mg/ml, freshly made) 






(b) Non-gradient gels 
These were prepared as above except that the 
lower gel was a continuous phase prepared as in table 
2.2.1. Because of the high acrylamide concentration no 
stacking gel was required. Using a gel of this strength 
also has the advantage that diffusion of small proteins, 
such as c-type cytochromes, is considerably reduced. 
After running the gels were washed in the fixing 
solution (methanol: water: acetic acid 5:5:1 by volume) 
for 2 x lh. It is important that as much SDS as possible 
is leached from the gel as it interferes with the staining 
procedure if it is only partially removed. 
The gels were stained either with Coornassie blue 
or with the haem stain. 
(2.2.3) Coomassie blue stain 
Coomassie blue is a general protein stain. After 
fixing the gels were stained by immersing them for 30mm 
in fixing solution containing 0.5% Coomassie blue. The 
gels were destained in destaining solution (methanol: 
water: acetic acid 3:3:1 by volume) overnight or until the 
blue protein bands were visible against a clear background. 
The destaining solution was changed when required. 
(2.2.4) Haem stain 
The method used was an adaption of the procedures 
of Thomas zy a.(197) and Liem i aL (1979). After 
fixing the gel was washed for 2 x lh in distilled water, 
then placed in a 0.25% solution of 3,3 1 ,5,5' tetramethyl 
benzidine dihydrochloride (TMBD). After 5min one tenth 
the staining solution volume of a freshly diluted hydrogen 
peroxide solution (water: 30% aqueous H 2 0 2 9:1 v/v) was 
added. The chemical reaction is similar to the benzidine 
reaction (Crosby & Furth, 1956), but TMBD has the advan-
tage supposedly of not being carcinogenic. The reaction 
leads to the formation of haematin. which catalyzes the 
decomposition of hydrogen peroxide to water and oxygen. 
The benzidine derivative is oxidized during this reaction 
to a chromogenic product. Using the SDS-PAGE system blue 
bands appeared after 5 - 10mm,- and after development 
the gel was placed in distilled water. The developed 
chromophore is not bound to the protein and will even-
tually diffuse through the gel. With polyacrylainide gels 
the gel could be kept satisfactorily for 24 -48h, but very 
rapid diffusion was observed with the agarose (isoelectric 
focusing) gels where the bands were lost within 3 - 5rnjn. 
The precise colour of the developed chromophore depends 
upon the conditions used for staining. If excess acetic 
acid was present the bands appeared green. With iso- 
electric focusing gels, even after extensive washing (95% 
ethanol 2 x 30mm, water 3 x 30mm ), the chromophore 
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developed as a yellow colour. The sensitivity of the 
stain is of the same order as Coomassie blue for cyto-
chrome C. 
The gels may be destained by immersion in a 1% 
sodium metabisulphite solution until the chromophore dis-
appears. After washing in distilled water (2 x lh) the 
gel can be stained with Coomassie stain with no loss of 
sensitivity. 
(2.2.5) Isoelectric focusing 
Isoelectric focusing is one of the most sensi-
tive methods of estimating the composition of a protein 
preparation. As the separation of the species is by 
isoelectric point the method will normally resolve pro-
teins of similar or identical molecular weights. The pKi 
of resolved proteins may be determined, and this informa-
tion is of considerable value for obtaining optimal reso-
lution during ion exchange chromotography. Agarose gel 
isoelectric focusing was used in this work as it has the 
advantage of being faster to prepare and run than the 
equivalent polyacrylamide system, but has the disadvantage 
that staining with the haem stain is not permanent (see 
section 2.2.4). However the system does allow sufficient 
protein loadings that cytochrorne c bands may be detected 
without staining. 
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The following procedure was used for a 10cm x 10cm 
gel. Sorbitol (1.65g) and agarose (0.132g) were mixed 
with water (16.5m1) in a screw capped flask and refluxed 
in a 100 0 C waterbath for 5 - 10min until the agarose was 
fully dissolved. After refluxing, the carrier ampholytes 
(0.83) of the required pH range were added and mixed with 
gentle swirling. The mixture was then poured onto a 10cm 
x 10cm glass plate and allowed to set. The gel was run 
in a LKB "Nultiphore" apparatus. The electrode strips 
were soaked in 1.3m1 of 0.5,14 NaOH (cathode) and 1.0m1 
0.514 CH 3COOH (anode) then applied. The samples were 
applied on small pieces of filter paper (0.5cm x 1.0cm, 
LKB sample application strips). Typically about 20Tl 
of a 1 - 5mg/ml solution was used. The plate was run at 
400V (about 50V/crn) for about 120r.iin or until focusing 
was complete as judged by a coloured marker protein 
(usually cytochrome c). If required the pKi of the 
electrofocuSed proteins was found by determining the pH 
gradient with a surface pH electrode. 
Immediately after electrofocusing the plate was 
fixed by immersion in fixing solution (3.5% sulphosaly-
cilic acid/ 11.5% trichioroacetic acid) for 5mm.. The 
gel was stained either with the haem stain (section 2.2.4) 
or with Coomassie blue. Before staining with Coomassie 
blue all carrier arnpholines must be removed as these will 
also take up the stain to give a blue background. The gel 
was washed in ethanol (2 x 10min. in 95% ethanol) then 
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pressed between two sheets of ethanol soaked filter paper 
for 20min using about 1kg for a 10cm x 10cm gel. The gel 
was then dried with warm air. The gel was stained in acid-
ethanol (ethanol: acetic acid: water 7:3:10 by volume) 
containing 0.5% Coomassie blue, for 10mm. 	This was 
followed by destaining for 10min in acid-ethanol. Finally 
the gel was dried with a hair dryer. 
(2.2.6) Spectra 
Except where noted, spectra were recorded on a 
Perkin-Elmer 320 spectrophotometer and measurements were 
made in 50m1'I potassium phosphate buffer pH 7.0, using a 
1cm pathlength quartz cuvette. The instrument was cali-
brated for wavelength against the reduced alpha peak of 
horse heart cytochrome c. 
The cytochrome solutions used for spectral measure-
ments were diluted so as to give suitable absorbances, 
usually of 0.5 - 1.0 absorbance units for the reduced 
Soret peak. The cytochromes were fully oxidized after 
the last step in the purification procedure. Reduced 
spectra were obtained after adding a little sodium di- 
thionite. 
(2.2.7) Pyridine haemochrome 
Pyridine. haemochrornes were made by dissolving 
10 - 20nNol of cytochrome in 0.2M NaOH containing 20% (v/v) 
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pyridine. Sufficient dithionite was added to completely 
reduce the haem. An extinction coefficient of 29.1mW' 
cm' at 550nm was used to estimate the concentration of 
haem c from its pyridine haemochrome (Morton, 1958). 
(2.2.8) Measurement of midpoint oxidation-reduction 
potentials 
The redox behaviour of the cytochrome under in-
vestigation was followed by scanning the alpha band (530 - 
570nm) at a series of different potentials. Spectra were 
recorded using a Unicam SF1800 spectrophotometer. Poten-
tial measurements were made directly using an Ag/ACl 
reference electrode. Anaerobic conditions were maintained 
in the cell by constantly bubbling argon through the 
solution, which was stirred throughout. 
Before each set of measurements the electrode was 
calibrated so as to check that it was functioning corr-
ectly. The electrode was first cleaned with wire wool, 
then placed in a cell containing 5.0ml of 0.1M pH 5.0 
sodium acetate buffer, 1mM EDTA and 100mM Fe 3+ _ammonium 
sulphate. Argon was bubbled through the cell for 20rnin 
so as to completely remove any oxygen. 101 of 100mM 
Fe 2 +_ammonium sulphate was then added and, after the 
system had reached equilibrium, the potential was recorded. 
This corresponds to a log(ox/red) value for the F e 2 +/F e B+ 
(EDTA) couple of 0.4. A further 15pl of 100mM Fe 2+_ 
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ammonium sulphate was added and the resulting potential 
recorded. This latter value corresponds to a iog(ox/red) 
value of 1.0, and from the two coordinates a graph of 
log(ox/red) vs potential can be plotted. The expected 
value for the slope is 60mV (Nernst equation for a one 
electron couple at 298X). A theoretical value for the 
intercept log(ox/red)=l of 86rnV may be calculated from 
the standard potentials for the Ag/AgC1 and F e 2 +/F e 3 + 
(EDTA) couples which are 196mV and ilOmV respectively. 
The cytochrorne redox potential titrations were per-
formed in 2.8m1 of 20mM potassium phosphate buffer pH 7.0, 
containing a concentration of cytochrome so as to give an 
alpha peak oxidized/reduced absorbance change of about 
0.1 - 0.2 absorbance units. The solution also contained 
lOpi each of 5mM solutions of the following redox mediators: 
phenazine ethosuiphate, phenazine methosulphate, and 
diaminodurol, 30ii1 of a 5mM Fe-ammonium sulphate/ 10mM 
EDTA solution. Before starting the titration argon was 
bubbled through the solution for 20mm. 
The cytochromes were titrated with sodium dithionite 
(20mg/mi, reductive) and potassium ferricyanide (20mg/mi, 
oxidative). Small portions were added and the system 
allowed to reach equilibrium before scanning. The absor-
bance at one of the isobestic points was readjusted to a 
constant value before each scan so as to compensate for 
any minor changes in absorbtion caused by the redox 
mediators. A reductive titration was usually performed 
first, then the cytochrorne titrated back so as to check 
that the system was fully reversible. The pH of the solu-
tion was then checked, and finally enough dithionite was 
added to completely reduce the';cyto chrome and the alpha 
peak then scanned. 
The mid-point oxidation-reduction potential of the 
cytochrome was calculated by plotting log(cytochrOme 0 / 
cytochrome red 
 ) vs the standard potential. The former was 
calculated from the relative heights of the partially and 
fully reduced alpha peaks, whilst the latter was found by 
adding 11 96mV (the potential difference between the Ag/AgCl 
electrode and the standard hydrogen electrode) to the 
observed potential. 
The plot produced should be a straight line with a 
slope of 60mV. The accuracy of the procedure was checked 
by performing a redox titration for horse heart cytochrome 
C. 
(:2.2.9) Amino acid analysis 
All proteins, and some peptides, were analysed 
using a Beckman 120C amino acid analyser. The method of 
Spackman (1963) was used. Approximate sample loadings 
were 5 - lOnMol protein/column or 30 - lOOnMol peptide/ 
column. This system has two columns, one for the separa-
tion of basic amino acids and another for neutral and 
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acidic amino acids. Samples for analysis were prepared 
and hydrolysed as described by Ambler & Brown (1967). 
Samples were evaporated to dryness in 10mm x 125mm Pyrex 
test tubes and then dissolved in 0.5m1 of freshly diluted 
61.1, HC1. A constriction was formed in the tube and the 
contents frozen in ethanol/solid CO 2 . The tubes were 
evacuated to a pressure of 0.1 - 0.05 Torr while the acid 
thawed. After 5r -., in of evacuation the tubes were sealed 
and heated at 105 0 C for 24 or 96h, opened, and the acid 
removed in vacuo. The hydrolysates were redissolved in 
0.35ml of citrate buffer pH 2.2 containing known amounts 
of norleucine and cz-amino-y-guanido propionic acid as in-
ternal standards, and 0.15ml was applied to each column. 
Ilost peptide amino acid compositions were determined 
using a Rank-Hilger Chromospek amino acid analyser. The 
Chromospek uses a single column for resolution of all amino 
acids, and a peptide loading of 5 - 25nflol was applied. 
The "double strength" citrate buffer system was used (Rank-
HUger Chromospek manual). Samples were prepared in the 
same manner as for the Beckman analyser except that only 
0.25ml of 6M HC1 was used. After drying the samples were 
redissolved in 120il of salt-free loading buffer containing 
a known amount of norleucine as internal standard. The 
automatic injection system was set so as to apply lOSiil 
of sample to the column. 
Peptides isolated by HPLC from the B. 	c/inLo4mI'3 
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cytochrome c-552 digest were analysed using a Beckman 
Multichrome amino acid analyser. This was essentially 
the same as the Beckman 120C except that a peptide loading 
of about lOnMol/column was used. Peptide hydrolysates 
were prepared as for the Beckman 120C. The purity of pep-
tides isolated by HPLC was generally not as good as that 
obtained by the other methods used in this work. 
(2.2.10) Tryptophan determination 
As tryptophan is destroyed during hydrochloric 
acid hydrolysis some analyses were carried out after 
hydrolysis of protein or peptide with mercaptoethanesul-
phonic acid (MESA) at 105 ° C for 96h. Analyses were per-
formed on the basic column of the Beckman 120C. NESA is 
not volatile, and before applying to the column the sample 
was neutralized with 114 NaOH. 
(2.2.11) Digestion of proteins 
Proteins were denatured prior to digestion so as 
to facilitate the action of the proteolytic agent. 
For c-type cytochromes this is most easily achieved 
by removal of the haem group. This also has the additional 
advantage that haern-containing peptides are difficult to 
purify in good yield. The method of Ambler (1963b) was 
used. 
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The cytochrome U. - 4M) was dissolved in 3m1 of 
M410 HC1, and 2.4g of urea (8M) and 30mg of RgC1 2 added 
with stirring. The mixture was incubated for 24h at 37 ° C. 
The apoprotein was separated from the haern on a Sephadex 
G25 column (0.5cm x 20cm) in 5% (v/v) formic acid. The 
de-haemed cytochrome peak (detected at 280nm) was collected 
and freeze-dried. The haem, which binds to the matrix 
during this procedure, can be removed by washing the col-
umn with 50% (v/v) pyridine. 
The maintenance of the rubredoxin tertiary structure 
is dependent upon the chelation of an iron atom by the 
protein cysteine residues. Denaturing of the structure 
can be most easily achieved by oxidation of the cysteine 
residues to cysteic acid, in which form they are unable 
to re-chelate the iron. 
The method of Hirs (1956) was used. Between 1 - 3 
pI4ol of protein was freeze-dried from a suitable solution. 
Performic acid (3ml, freshly prepared from formic acid and 
30% hydrogen peroxide, 19:1 v/v) was added at 4 0 C. The 
mixture was incubated at 4 ° C for lh, then diluted to 20 x 
volume with distilled water before freeze drying. 
To obtain suitable mixtures of peptides for sequence 
analysis, enzymic digestion was performed with trypsin, 
thermolysin, a-chymotrypsin or Staphylococcal protease. 
Mild acid digestion was used in a few cases. 
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Enzymic digestion with trypsin, thermolysiri and 
-chymotrypsin was performed as follows. Apoprotein (1 - 
3001) was digested with one fortieth of its weight of 
protease in 0.2M ammonium acetate buffer pH 8.5 for 4h7 °C) 
For Staphiococcal protease digests the apoprotein 
was dissolved in 0.1M NHHCO3. Digestion was allowed to 
proceed at 37 ° C for 4h. 
Mild acid digestion was carried out on the rubredoxin. 
Under controlled conditions cleava ge can be restricted 
with good specificity to Asp-Pro bonds (Landon, 1977). 
The apoprotein was dissolved in Sml of 70% (v/v) formic 
acid and incubated at 37 ° C for 96h. The mixture was then 
diluted to 12 x volume and freeze-dried. 
To obtain preliminary information on . the results to 
be expected from protein digestion small pilot experiments 
were often carried out with about 50nNol. of protein. The 
resultant peptide mixture was run out on one dimensional 
pH 6.5 HVPE to obtain some idea of peptide production and 
separation. 
Sometimes analytical digestion with papain was per-
formed on native protein as a check on homology between 
suspected identical proteins. Papain was stored as a 
suspension. Before use it was washed by resuspension in 
distilled water followed by centrifugation. The proteins 
43 
to be digested, typically 10 - 50nMol, were dissolved in 
0.11.1 NFI + HCO3 containing 1mM dithiothreitoi and 0.1mM EDTA. 
Papain was activated by incubation in a similar solution 
for 30mm. at 37 ° C, after which 1/40 by weight was added 
to the protein solutions. These were incubated at 3700 
for 2 - 4h. 	The digests were dried and analysed by I-IVPE 
at pH 6.5. 
(2.2.12) Sephadex chromatography and peptide mapping 
Initial fractionation of the peptides was 
carried out by gel permeation chromatography. Fraction-
ation was carried out on one, three or five columns of 
dimensions 1cm dia x 90cm atranged in series. The Sepha-
dex G25 was equilibrated with 5% (v/v) formic acid. The 
protein digest was freeze-dried and then redissolved in 
lml of 5% (v/v) formic acid. This was applied to the top 
of the first Sephadex column. A flow rate of 20 mi/h was 
maintained by a peristaltic pump and the eluant was moni-
tored at 254nm with an LKB uvicord-I monitor. At this 
wavelength the major absorbtion is due to tryptophan (c= 
3000), but contributions are also seen from tyrosine (c 
400), and phenylalanine (E145). Fractions of an approx-
imate volume of 3.5m1 were collected and portions (typi-
cally 200p1 for a 20iiMol digest) were taken from each 
fraction, dried down, then separated in parallel by HVPE 
at pH 6.5. The resultant peptide map can yield much 
useful information about the characteristics of the pep-
tides present in the digest. The dried paper was first 
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examined under UV light for any fluorescent material. 
This is usually associated with tryptophan residues and 
is particularly apparent after perforrnic acid oxidation. 
Alternately tryptophan may be detected even after ninhy- 
drin staining by the Ehrlich reagent (see section 2.2.15.4). 
After UV examination the map was stained with ninhydrin, 
particular note being made of the colours of the develop-
ing spots (see section 2.2.15.2). The staining strategy 
after this was digest-dependent, but cytochromes were 
commonly stained with the Pauly reagent so as to locate 
the histidine, and hence assumed haem, peptide. The rubre-
doxin digests were often stained with a-nitroso--napthol 
for tyrosine. With the mild acid digests isatin was used 
to locate N-terminal proline peptides, although this was 
most effective when carried out before ninhydrin staining. 
Information gained from the peptide map, in conjunc-
tion with the absorbtion trace, was used to decide which 
fractions to pool and freeze-dry. 
(2.2.13) Purification of peptides by HVPE 
High voltage paper electrophoresis was carried 
out in Nichl (1951) solvent-cooled tanks using the vola-
tile pH 6.5, 3.5 and 2.0 systems described by Ambler 
(1963b). Whatman 3MM paper was used for preparative sep-
arations at loadings of 10 - 100 nMol/cm. Whatman No. 1 
paper was used for low yield peptides and for analytical 
work. For peptide preparations marker strips, containing 
small amounts of material and a standard amino acid mix-
ture (tWondermix", Milstein, 1966, see table 2.2.2), were 
run on either side of the main peptide separation area. 
(a) Electrophoresis at pH 6.5 
The solvent system used was pyridine/ acetic acid/ 
water (25:1:225 by volume) pH 6.5, and toluene was used 
as the coolant. Peptides were run at 3kV (giving a poten-
tial gradient of 65V/cm) for variable lengths of time, 
depending on the peptide separation required, but usually 
about 90 min was required. The progress of the electro-
phoresis was followed by the movement of the "Pental pen 
red" dye. HVPE at pH 6.5 was routinely used as the first 
purification step after Sephadex chromatography. 
Electrophoresis at pH 3.5 
The solvent system used was pyridine/ acetic 'acid/ 
water (1:10:89 by vblume) pH 3.5, and white spirit was 
used as the coolant. Peptides were run as for pH 6.5 
electrophoresis, but methyl green was used to monitor the 
progress of the run. 
Electrophoresis at pH 2.0 
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The solvent system used was formic acid/ acetic acid/ 
Table 2.2.2 Markers employed in High Voltage Paper 
Electrophoresis 
General purpose marker ?tW on d erm i x tl' 
L y sine 
Arginine 
Histidine 
G ly ciii e 
Valine 
Alanyl glycine 





Amino acid markers employed in qualitative 























1 The order of presentation is in the order of separation 
from cathode to anode on electrophoresis at pH 6.5. 
2 The order of presentation is in the order of separation 
from cathode to anode on electrophoresis at pH 2.0. 
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water (1:4:45 by volume) pH 2.0, and white spirit was 
used as the coolant. Peptides were run as for pH 3.5 
electrophoresis. 
This system was also used for qualitative amino acid 
analysis (section 2.2.18). 
After separation papers were warm dried (below 50 ° C) 
and examined for UV fluorescent material. Papers were 
then stained with ninhydrin or any of the other stains 
outlined in section 2.2.15. For preparative runs the 
marker strips were cut from the main peptide separation 
area and stained. Re-alignment of these strips with the 
rest of the paper allows location of the peptides without 
direct staining. If ninhydrin was used at least one of 
the strips was left for a period greater than 6h, and 
usually overnight, so as to detect slow developing spots. 
The unstained bands of peptides were cut out as indicated 
by the marker strips and eluted with M/10 ammonia or iN 
acetic acid (the latter for very basic peptides only). 
Suspected cysteine residues were oxidized on paper in a 
partially evacuated desiccator containing performic acid 
(formic acid, 30% hydrogen peroxide solution 19:1 v/v) 
(Brown & Hartley, 1966). The strips were air dried, then 
eluted. Occasionally this step was accidentally forgotten 
and the peptide was oxidized after elution by adding 0.1 
ml of perforniic acid at 4 0 0 to the dried down sample and 
incubating at 4 0 C for 2h. This was followed by dilution 
with 2m1 of water, freezing, and drying down in a desi-
ccator. 
Eluted peptides were dried down in vacuo then redi-
ssolved in distilled water to a concentration of approxi-
mately 0. 5pM/ml and stored at -20 0 C. 
	
(2.2.14) 	Paper chromotography 
In a few cases peptides which could not be 
separated by HVPE were purified by descending paper chrom-
atography with the solvent mixture butan-l-ol/ acetic acid/ 
pyridine/ water (15:3:10:12 by volume), for 12h at 20 ° C 
(Waley & Watson, 1953). Paper used and loadings of pep-
tides were the same as that used for HyPE. 
(2.2.15) 	Methods of detection of peptides and amino 
acids on paper 
(2.2.15.1) Fluorescence under UV light (Ambler & Scott, 
1978) 
This was used to detect t ryptophan_contaifling 
peptides, which are weakly fluorescent when viewed under 
long wavelength (340nrn ) UV light. Best results were 
obtained after performic acid oxidation, as tryptophan is 
destroyed during this procedure to yield highly fluorescent 
products. 
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(2.2.15.2) Ninhydrin/collidine (Toennies & Kolb, 1951) 
The method detects free amino acids and pep-
tides containing a free amino (or imino) group. The paper 
was dipped in a mixture of 0.1% ninhydrin in acetone and 
1% (peptide mapping) or 4% (amino acid analysis, section 
2.2.18) (v/v) 2,4,6, collidine in acetic acid (1:2 v/v). 
Colours are developed by allowing the paper to dry, then 
heating to 105 ° C for 30 - 120s. Slow developing spots 
may appear after a further 3 - 4h at room temperature. 
Free amino acids give a range of colours dependent 
on type which fade to blue after 6 - 12h (see section 
2.218). Peptides generally develop as blue spots, although 
peptides which have N-terminal glycine, serine, threonine, 
methionine sulphoxide, cysteic acid or asparagine often 
give rise to yellow spots which fade to blue. Proline 
also produces a yellow spot when it is IT-terminal in a 
peptide, but this colour is stable. Occasionally other 
N-terminal amino acids may also produce yellow spots. 
Peptides containing lysine will give rise to blue spots 
because of the E-amino group, even if there is no free a-
amino group. 
The sensitivity of the stain is about 5n14ol/cm 2 , 
although this is to some extent peptide dependent. 
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(2.2.15.3) Fluorescamine (Lai, 1977) 
This was used when only small amounts of 
peptide were present. The reaction is pH dependent and 
best results are obtained at high pH. Peptides with no 
free amino group, or N-terminal proline, are not detected. 
The paper was washed by dipping in acetone, then dried. 
The paper was then dipped in 1% triethylamine in acetone 
(v/v) and dried. Finally the paper was dipped in a sol-
ution of fluorescarnine in acetone (10mg/ lOOmi), dried 
and viewed under UV light (340nm). 
The intensity of the fluorescence is dependent on 
the structure of the peptide, basic peptides giving best 
results. The sensitivity is higher than with ninhyd±in 
(down to about 0.1 nMol/cm 2 , but less if the triethylamine 
step is ommitted), and higher peptide recoveries may be 
obtained from stained chromatograms. 
(2.2.15.4) Ehrlich test (Dalgliesh, 1952) 
A solution of p-dimethylarninobenzaldehyde was 
prepared (2% v/v in acetone). Immediately before use this 
was mixed with 12M HC1 (9:1 v/v) and the paper dipped, 
then left to dry and develop at room temperature for 5 - 
1 5mm. 	Tryptophan- containing peptides develop as purple 
spots at a sensitivity of about 5 nMol/cm 2 . ° The acidic 
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solution removes the colour of the ninhydrin. The purple 
spots slowly fade. 
(2.2.15.5) Pauly test (Dent, 1947) 
The paper was first sprayed with 1% sulphan-
ilic acid in iN HCl (v/v) mixed with one volume of 5% 
aqueous NaNO 2 (w/v). The reagent was cooled for 15 mm 
before use. The paper was then sprayed with 15% aqueous 
Na 2CO3 (w/v). Hi:tidine-containing peptides give an 
orange/red colour and tyroine-containing peptides a dull 
red. The sensitivity is about the same order as ninhydrin/ 
collidine. 
(2.2.15.6) o-Nitroso-13-napthol test (Easley, 1965) 
Two solutions were prepared: (a) 0.1% (w/v) 
a-nitroso--napthol in acetone, (b) acetone/conc. HNO 3 
(9:1, v/v). 
The paper was dipped through solution (a) then dried. 
It was then dipped through solution (b), dried at room 
temperature for 5 - 10mm, and then developed by heating 
in a 105 ° C oven for 3 - 5mm. 	Tyrosine-containing pep- 
tides give a rose red colour against a light yellow back-
ground, and tryptophan-containing peptides give a grey 
colour. The sensitivity is lower than for ninhydrin, about 
10 nNol/cm 2 . 
X03 
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(2.2.15.7) Isatin test (Acher et ar., 1950) 
The paper was dipped in 0.2% (w/v) isatin in 
n-butanol/ acetic acid (25:1 v/v). The paper was dried at 
70 0 C, then developed by heating at 105 ° C for lOniin. 
Peptides containing N-terminal proline residues give bright 
blue spots on a pale yellow background. Other amino acids 
and peptides give fainter purple spots. The test was 
performed before staining with ninhydrin. 
(2.2.16) 	Purity of peptides 
Peptides were only subjected to the minimum 
number of purification steps requried to obtain pure pep-
tides. Clean spots on electrophoresis or chromatography 
were used as preliminary indicators of purity. Pure pep-
tides give integral amino acid analyses and single 
derivative spots on N-terminal analysis by dansyl chloride 
or DABITC, although in some cases impure peptides may meet 
these criteria. 
Two major types of contamination were observed during 
sequencing, these were. 
(a) Contamination with other peptides: This type of 
contamination was usually detected during purification, 
but was occasionally missed. The problem tended to be 
most acute with small neutral peptides, where impurity 
was sometimes missed until sequencing was begun, and with 
large peptides where a ragged C-terminuswas present. 
(b) Contamination with free amino acids: Serine and 
glycine were common contaminants of peptides where insuff-
icient care was taken to ensure that all apparatus was 
free of amino acids. Wet chromatograms must be treated 
with particular caution as these easily absorb c-'ntaniin- 
ants from surfaces. 
Non-inte gral methionine values were sometimes obser-
ved from analysis of known methionine-containing peptides. 
Iviethionine can undergo partial oxidation to methionine 
$ulphoxide during purification and storage. Indeed meth-
ionine-containing peptides are best isolated after oxi-
dation by performic acid to methionine sulphone. Unfor-
tunately this peak is difficult to separate from aspartic 
acid on the Rank-Hilger amino acid analyser (as is 
methionine suiphoxide). In contrast methionine is easily 
resolved from other amino acids, and so methionine-con-
taming peptides were normally left unoxidized. 
(2.2.17) Peptide recovery 
The recoveries of peptides from the digests are 
expressed as molar percentages. Yields were typically 
between 15 - 20% for quantitatively released peptides. 
The amount of peptide recovered is dependent upon two 
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IPM  
major factors; the release of peptides from the digest 
and losses due to the purification procedure. 
Non-quantitative release of peptides may arise from 
partial digestion of the protein or partial modification 
of the peptides followed by loss of the minor components. 
Typical examples of the latter would be modification of 
cysteine, methionine and tryptophan_containing .PePtide5 
and also losses due to deamidation. 
Whilst the Sephadex G25 step gives a recovery of 
nearly 100%, recovery from RVPE was only between 50 - 60% 
under normal conditions. A similar level of recovery 
was recorded for paper chromatography. 
(2.2.18) Qualitative amino acid analysis 
Qualitative amino acid analysis was performed 
on all peptides. About lOpl of peptide was dried in a 8 
x 35mm glass tube in vacao, 60pl of 6M HC1 was added, 
the tube was sealed, then incubated at 105 0 0 overnight. 
At the end of this period the tube was opened and dried 
down in vacuo. Separation of the amino acids was obtained 
by HVFE at pH 2.0 (see section 2.2.13c for buffer and 
coolant systems). Samples were run on Whatrnan No. 1 paper 
at 5kV (110 V/cm) for 15 - 20uiin. 	Methyl green was used 
as a marker and the amino acid standards R & T (2.2.2) 
were also run. After drying the paper was stained with 


















The colours with ninhydrin/collidine are blue except where 
stated. Some variation may be seen between different 
batches of collidine. 
b = brown, r = red, g = green, y = yellow, t = turquoise 
Tyrosine often produces a lower spot, TyrX, which is 
probably chlorotyrosine (Sanger & Thompson, 1953). 
ninhydrin/collidine (section 2.2.15.2). The amino acids 
present in the sample can be distinguished by means of 
their mobility and the colour development soon after 
staining with ninhydrin (fig. 2.2.1). Most amino acids 
can be distinguished apart from the leucines which run 
practically together. Serine also runs in about the same 
position, but gives a characteristic olive green spot. 
I'Iethionine is only seen as the oxidised product. A faint 
yellow spot, ascribed to a tryptophan oxidation product, 
may sometimes be produced but the presence of this amino 
acid residue was usually established by UV fluorescence 
or a positive Ehrlich test. 
(2.2.19) The identification of N-terminal groups by dansyl 
chloride 
The method of Gray (1972a, b) was used for both 
the determination of peptide IT-terminal" groups and the 
ieni;ification of the new 11-terminus exposed in a peptide 
after the removal of an amino acid residue by the Edman 
degradation. 
A sample of the peptide (2 - lOnMol) was placed in 
a 28mm x 3.5mm glass tube-and dried in vacuo, lOjil of 
sodium bicarbonate (O.l w/v) was then added and dried in 
Dacuo. Water (lOpl) and dansyl chloride (0.5% w/v in 
acetone) were then added, the tubes covered, and the mix-
ture incubated at 37 ° C for lh or until the yellow colour 
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Fig 2.2.2 Chromatography of dansyl-amino acids on poly-
amide layers 
I 
(a) after solvents 
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(b) after solvents 
I, II and III 
(see table 
2.2) 
Dansyl-amino acid derivatives are identified by the one 
letter code. bis-Y, bis-DNS-Y; bis-K, bis-DNS-K; 0-Y, 
oii/io-DNS-Y; M-0 2 , DNS-methionine sulphone; NH 2 , DNS-NH 2 . 
All spots fluoresce green except DNS-NH 2 (blue-green); 
DNS-OH (blue), and 0-DNS-Y and bis-DNS-Y (yellow). 
PM 
was lost. The dansyl-peptides were dried in vacuo then 
hydrolysed with 6N HC1 at 105 ° C for 12h. If proline was 
suspected at the N-terminus the hydrolysis time was 
reduced to 4h. The hydrolysates were dried in vacuo and 
the dansyl-amino acids identified by t.l.c. on polyamide 
layer plates in the solvent systems 	ven in table 2.2:3. 
The unknown was applied to both sides of a 50mm x 50mm 
plate and a mixture of known dansyl-amino acids to one 
side only. Solvents 2 and 3 were run at right angles to 
solvent 1. Dansyl-amino acids were identified by their 
positions relative to the included standard (fig. 2.2.2). 
Acid stable dansyl-dipeptides were often observed. 
Identification of dansyl-cysteic acid can be difficult 
with this method and where the presence of this residue 
was suspected identification was cnfirmed by HyPE at 
pH 4.38 on a flat plate apparatus (Ambler & Brown, 1967). 
(2.2.20) Dansyl-Edman sequencing 
A modified method of Gray (1972b) was used. 
Peptides (2 - lOnMol of peptide per cycle) were dried down 
in vacuo in 12 x 65mm glass screw cap tubes. Pyridine 
(50% v/v, 0.2ml) and PITC (5% v/v in pyridine, 0.lml) 
were added, the tube gassed with OFN, capped and incubated 
at 37 0 C for lh. The excess PITC and pyridine were removed 
by drying in vacito at 60 0 C. After cooling 0.2ml of TFA 
was added, the tubes gassed with OFN, capped and incubated 
at 37 0 C for 30mm. 	The peptides were then dried in vacuo. 
Table 2.2.3 Solvents used for thin layer chromatography 
(a) Thin layer chromatography of dansyl-amino 
acids 
Solvent 1: Formic acid 5% (v/v) (Woods & 
Wang, 1967) 
Solvent 2: Toluene/ acetic acid 9:1 (v/v) 
(Woods & Wang, 1967) 
solvent 3: Butyl acetate/ methanol/ acetic 
acid 30:20:1 by volume (Crowshaw 
zt aL, 1967). 
(b) Thin layer chromatography of Dabt.h-amino 
acids 
Solvent 1: Acetic acid! water 1:2 (v/v) 
(Chang, 1979a) 
Solvent 2: Toluene/ n-hexane/ acetic acid 
2:1:1 by volume (Chang, 1979a). 
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Water (0.25m1) was added and the solution extracted three 
times with 2ml of butyl acetate. The phases were separated 
by centrifugation and the upper, organic, phase discarded. 
The aqueous phase was evaporated to dryness in vacuo then 
redissolved in 50% v/v pyridine and a sample taken for 
dansyl chloride analysis of the newly exposed N-terminal. 
The process was then repeated for as many cycles as 
required to sequence the peptide. Occasionally the C-ter-
minal residue of the peptide was confirmed by running th 
unhydrolysed residue from the last Edman cycle on HVPE 
at pH 2.0. 
(2.2.21) DABITC sequencing of peptides 
A modified method of Chang (1979a, b, 1983a, b; 
Chang zt aL, 1976, 1978) was used. The peptide (2 - 20 
nMol) was placed in a 12 x 65mm conical glass screw cap 
tube and dried down in vacuo. Pyridine (50% v/v, 20jji) 
and DABITC (2.82 mg/ml in pyridine, i0i) were added and 
the mixture gassed with OFN, capped, vortexed then incu-
bated at 70 ° C for 15min. 	The tube was then dpened and 
PITC (25% v/v in pyridine, i0iii) was added. The tube was 
gassed, capped, vortexed, and incubated at 70 0 C for a 
further 15mm. 	Heptane/ethyl acetate (2:1 v/v, 500ii) 
was added and the mixture thoroughly vortexed before 
separating the phases by brief centrifugation. The upper 
phase was removed and discarded. The extraction of excess 
DABITC/PITC was repeated with a further portion of heptane/ 
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ethyl acetate, then the lower layer dried in vacuo. The 
dry residue was treated with 50jjl of TFA under OFN at 70 ° C 
for 10mm, then the TFA removed in vacuo. The residue 
was then dissolved in water (441) and butyl acetate added 
(40jil). The cleaved thiazolinone derivative was extracted 
into the upper phase after vortexing and this was removed 
after centrifugation. The aqueous phase was dried down 
in vacuo and the sequence of reactions repeated to com-
pletely sequence the peptide or until identification of 
the extracted derivative failed repeatedly. In cases 
where the whole peptide was sequenced the series of reac-
tions was continued for a further one or two cycles after 
the presumed C-terminus to confirm that no further residues 
could be detected. 
The butyl acetate extract was placed in a 8mm x 35mm 
glass tube and dried down in vaciio. The thiazolinone 
derivative was converted to the thiohydantoin derivative 
as follows. TFA (50% v/v, 201jl).as added to the tube 
before gassing with OFN and sealing with aluminium foil. 
The tubes were incubated at 70 ° C for l0miii then dried ,n 
vacuo. The sample was redissolved in a small volume of 
ethanol (2 - 3 iii) and a portion (1/40 - 1/2) containing 
0.1 - 0.5nMol of thiohydantoin derivative was used for 
analysis on .t.1.c. 
The sample was placed as a very small spot 10mm from 
one corner of a 37mm x 37mm polyamide sheet. A marker, 
DABTC diethylamine (10 - 20pMol, prepared by the reaction 
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Fig 2.2.3 Two dimensional separation of Dabth-amino acids 
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Dimension 1: Acetic acid/water (1:2, v/v) 
Dimension 2: Toluene/n-hexane/acetic acid (2:1:1, by vol) 
The colours (after exposure to HC1 vapour) are represented 
by solid areas (red), dotted areas (blue) and hatched areas 
(purple). (e) is the blue synthetic marker Dabth-diethyl-
amine. (u) is a thiourea formed by the coupling of PITC 
with hydrolysed DABITC. The Dabth derivatives of the 
amino acids are denoted by the single letter code. Tx, 
Dabth-dehydrothreOnifle 	So, S, So, products formed after 
3-elimination of Dabth-serine; T, product formed after 
s-elimination of Dabth-threonine K 1 , a-Dabth-E-DABTC-Lys 
K 2 , a-Pth-E-DABTC-Lys; K3, a-Dabth-c-PTC-Lys. 
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of DAB.TC with diethylamine), was added to the same spot. 
The plate was run with the solvents shown in table 2.2.3. 
The Dabth-amino acid derivatives appeared as faint yellow 
spots, but strong red colours were observed on exposure 
of the plate to the vapour of concentrated HC1, whilst 
the Dab.th-diethylamine derivative was blue. The distri-
bution of Dabth-amino acid derivatives is shown in fig 
2.2.3. All amino acids could be distinguished apart from 
Dabth-Leu/Ile which co-chromatograph as a single spot. 
These are however readily distinguished either by one 
dimensional chromatography on 10cm thin layer silica plates 
using solvent 3 and D.abth-Leu and Dabth-Ile as standards 
(Chang i aL, 1978; separation is by slight differences 
in R f values), or as was commonly used in this work, by 
dansyl determination. 
In my hands threonine gave good yields of the D.abth-
dehydroxythreonine derivative (produced by - elimination 
of the hydroxyl group) and was readily identified 	Serine 
was also susceptible to s-elimination and a number of 
(reproducible) spots were observed in lower than normal 
yield, thus reducing sensitivity by a factor of about 2 
- 4 at such residues in peptides. Lysine usually gave 
three spots due to -Dabtt-c-D.abth-Lys, 	-Fth-e-Dabth-Lys 
and a-D.abth-c-Pth-Lys. These derivatives are hydrophobic 
and low yields were observed for the lysine derivatives 
when the lysine was C-terminal in the peptide. This was 
thought to be caused by loss of the derivatives into the 
heptane/ ethyl acetate phase during sequencing. Similar 
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losses were encountered when sequencing hydrophobic pep-
tides and the peptide Leu_Ala_Thr-LeULYS was found to 
be impossible to sequence with DABITC. Glutamine and 
asparagine residues often yielded some glutamic and aspar-
tic acid derivatives. Greater yields of the deairtidated 
product were observed for glutamine than asparagine, and 
relative yields of the deamidated product also increased 
with distance from the N-terminal (as the total exposure 
time to acid increased). Tryptophan gave good yields of 
the Dabth-Trp derivative. However an (unidentified) spot 
running close to the position of Dabth-Trp was sometimes 
Observed along with the Dabth derivatives of leucine, 
isoleucine, phenylalanine and valine. Cysteic acid 
cannot be identified with DABITC as the derivative remains 
in the aqueous phase on extraction with butyl acetate., 
and the dansyl-Edman method was used where positive iden-
tification of this residue was required. A blank was 
observed on the DABITC polyamide plates when this residue 
was present. 
Sequence results from individual peptides using 
DABITC were variable. Best results were obtained where 
the C-terminal region and/or final residue were hydro-
philic under conditions of the degradation (i.e. not ly-
sine). In favourable cases good results were obtained up 
to residue N-15, and N-li was often seen. In contrast some 
peptides proved very difficult to sequence by this method 
because of their hydrophobicity (see above). 
(2.2.22) Carboxypeptidase A 
The methods used for preparation of the enzyme 
and digestion of peptides were those described by Ambler 
(1967). 
The peptide (10 - 20nMoi) was digested with lOug of 
the enzyme for 2 - 4h in 0.iml of N-ethyl morpholine 
acetate buffer pH 8.5. The digestion mixture was dried 
in vacuo before application to the Chromospek amino acid 
analyser as with peptide hydrolysates (section 2.2.9). 
The column was purged of bound peptides between each run 
by washing with 2 x the column volume of 2M NaOH. Enzyme 
blanks were also run. 
(2.2.23) Automatic sequencing with a gas phase sequenor 
The methods used for the operation of the gas 
phase sequenator were essentially those described by 
Hunkapilier & Hood (1983a, b). Argon was used where an 
inert atmosphere was required. The series of operations 
in each cycle were as described in the reference. 
Polybrene (a synthetic polyquaternary amine) was 
used as a carrier to retain the protein or peptide on 
the glass fibre disc. The polybrene was applied as an 
aqueous solution (30ijl, 60 mg/ml; containing glycylgly-
cine luMol/mi) to the glass fibre disc, then allowed to 
dry. The disc was placed in the reaction cartridge and 
precycled through 6 cycles of the Edman reaction so as 
to remove any soluble impurities and block any sites on 
the carrier which may react with the N-terminal of the 
polypeptide. Precycling was started at the coupling step 
so as to minimize loss of the carrier and the length of 
each cycle was shortened by avoiding the usual duplication 
of the coupling and cleaveage steps. 
After precycling the reaction cartridge was opened 
and 1 - lOnMol of protein or peptide applied to the filter 
disc and dried. The reaction cartridg was then reassem-
bled. The reaction cartridge consisted of two cylinders 
of Pyrex glass rod (1 in dia x 1 in) having vacuum flat 
surfaces at each end. Both cylinders had a 0.5rnrii axial 
capillary flared out to a 1.2cm conical recess at one 
end. When placed together these formed a central reac-
tion chamber. A porous fibrous Teflon disc, crushed 
between the abutting glass surfaces, provided a vacuum 
seal and support for the glass fibre disc used to hold the 
polypeptide. Solvents, reagents, and argon were intro-
duced and removed from the chamber by the capillaries. 
The reaction chamber was maintained at 4400. 
The series of reactions used for the Edman degrada-
tion in the gas phase sequenator are briefly described 
below. These are conceptually the same as used in the 
liquid phase sequencer or in manual sequencing. The 
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design of the machine allows much smaller volumes of 
reagents to be used, and some reagents are delivered in 
the gas phase. 
Coupling: The coupling reagent was 17% PITC in 
n-heptane. A small portion of the reagent was delivered 
to the chamber to soak the disc. Excess reagent was 
removed by purging briefly with argon. An alkaline pH 
was produced by blowing the vapour from a 25% aqueous 
solution of trimethylamine over the disc. After coupling 
the reagents and by-products were removed first by a 
cartridge evacuation, then extraction with benzene followed 
by ethyl acetate. 
Cleavage: Cleavage was effected by blowing TFA 
vapour Over the disc. 
E*traction: Extraction of the anilinothiazolinones 
was with l-chlorobutane. After extraction the polypeptide 
was again treated with the vapour from the triinethylamine 
reagent so as to reverse N-O acyl shifts at seryl and 
threonyl residues (Thomson 	CLL, 1976). 
Conversion: In parallel with the Edman degradation 
procedure performed in the reaction cartridge the sequen-
ator also contains a reaction flask used for automatic 
conversion of cleaved anilinothiazoline amino acid deriv-
atives to their phenylthiohydantoin derivatives, which 
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were then delivered to the fraction collector. Conver-
sion was effected with 25% aqueous TFA at 50 ° C. 
(2.2.24) Methylation of Pth-aspartate and Pth- glutamate 
The fractions containing the Pth-amino acid 
derivatives from the sequenator were evaporated to dryness 
in a vacuum concentrator. A 1M solution of methanolic 
HC1 (50p1) was added to each vial, which was then incubated 
at 50 ° C for 25iin. 	The fractions were then again evap- 
orated to dryness. 
(2.2.25) Carboxymethylation 
Unlike the Pth derivatives of cysteine or cys-
teic acid, p_ carbo xymethylcy5teine can be detected by 
HPLC analysis of the sequenator fractions. The cytochromes 
were carboxyrnethylated as follows. 
The freeze-dried, dehaemed, cytochromes were dissolved 
in 0.1M Tris pH 8.3 containing 1mM EDTA and dithiothreitol 
in a 20 fold molar excess over the cysteine residues 
present in the cytochrome. The mixture was gassed with 
OFN and incubated at 37 ° C for lh. lodoacetic acid was 
recrystallized from ether, neutrallized in a 50mM aqueous 
solution with NaOH, then added to the cytochrome solution 
to give a 1:1 molar ratio to total thio groups in the 
solution. The mixture was gassed, then incubated in the 
dark for lh at 37 0 C. The protein was removed from the 
reagents on a G25 Sephadex column in 5% (v/v) formic acid, 
then freeze-dried. 
(2.2.26) Analysis of phenyithiohydantoins by HPLC 
The Pth-amino acid derivatives produced by the 
gas phase sequenator were analysed by HPLC using a long 
chain acetonitrile column (see section 2.1.6 for details 
of the equipment used). - 
The solvents and gradients used were essentially as 
described by Hunkapiller zt a. (1983 ). Pump A was 
connected to solvent A (acetonitrile/ methanol 4:1 v/v) 
and pump B to solvent B (0.015 - 0.040M sodium acetate 
buffer pH 5.8/ solvent A 9:1 v/v). The buffer concentra-
tion in solvent B must be increased as the column ages 
so as to maintain the same separation. The solvents were 
degassed before use. The gradient program used was as 
follows. 
Time (mm) 	 %A 
	
0 	 6 	94 
12 	 36 	64 
17 	 52 	48 
20 	 6 	94 
2 	4 	6 	8 	10 	12 	14 	16 	18 










A flow rate of 1 ml/min was used throughout. On 
completion of the program either a new sample was injected, 
or, if the previous sample was the last, the column was 
flushed with pure solvent A and the pumps then shut down. 
For optimal detection of the Pth-amino acid deriva-
tives about iOOpMol of material was required. The dried, 
methylated (section 2.2.24), sample was redissolved in 
a suitable volume of acetonitrile and a 10ii portion was 
injected onto the column. For samples where only very 
small amounts of material were available the sample was 
redissolved in 94% solvent B. As this allows a larger 
volume to be injected without serious peak broadening, a 
larger total volume of sample may be used. The dead vol-
ume of the sample tube was about 7i1, and in such cases 
50u1 from 571i1 was injected. 
(2.2.27) Separation of peptides by HPLC 
A C18 column was used for the initial peptide 
separation (see section 2.1.6) and a constant flow rate 
of 1 ml/min was used throughout. Before use the column 
was flushed with 30ml of acetonitrile to remove any bound 
contaminants. 
An analytical run was routinely made on the digest 
before a preparative separation was attempted. Solvent 
A was 0.1% TFA (HPLC grade) in bidistilled water, Solvent 
B was 0.1% TFA in acetonitrile (HPLC grade). The gradient 
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shown below was used. 
Gradient used for analytical HPLC on protein digests 
Time (mi n) 	 /0 ci 
	
0 	 98 	2 
5 	 98 	2 
201 	 0 	100 
About 3nMol drprotein digest was used for the analyt-
ical runs. AUFS values of 0.01 and 0.08 were used for 
detection at 280nm and 220nm respectively. 
For preparative runs the gradient was modified so 
as to give a slower gradient for peptides with similar 
retention times, and to economise on time and solvents by 
running a faster gradient over regions where no peptides 
were eluted. Column loadings of 150nMol were used with no 
significant loss of resolution. The sensitivity of the 
220nm detector was suitably reduced, and for ease of 
collecting the peaks the 280nm detector was ommitted. 
The peaks were collected manually, then evaporated 
to dryness in a vacuum concentrator. The peptides were 
redissolved in distilled water and stored at -20 0 C. 
Most peptides can be resolved by a single HFLC 	step. 
However those which were not separated can be further 
resolved by use of a different type of column. For these 
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experiments a long chain acetonitrile column was used 
(see section 2.1.6). The conditions used were similar 
to those used with the 018 column. Solvent A was as 
before, but 70% acetonitrile was used in place of 100% 
acetonitrile for solvent B. The column was flushed with 
30ml of acetonitrile before use. A flow rate of 1 ml/min  
was used throughout. As before, an analytical experiment 
was done before the preparative run, but a faster gradient 
can usually be used as the peptide mixture was less com- 
plex. 
The elution profile of the P.th-amino acid derivatives 
is shown in figure 2.2.4. Pth-Asp and Pth-Glu are anal-
ysed as their methyl esters as the unmodified forms elute 
too close to the dead volume time for accurate resolution. 
pth-Ser and Pth-Thr are detected at 254n.m, but under the 
conditions used there may be substantial conversion, to 
the dehydroxy derivatives. These were detected at 313nm. 
Pth_carboxymethyl-Cys was also detected at 313nm. The 
peak elutes very close to a peak produced by PthPro at 
the same wavelength. The two can be distinguished as the 
CMC derivative is unstable and repeated analysis of the 
sample over a 24 - 48h period shows a decline in the rel-
ative height of this peak. 
The resolution produced by the column declines with 
time as the column ages. This may be corrected by increa-
sing the buffer concentration from about 0.015M to 0.040M 
with time. The resolution of the peaks can also be 
altered by changing the pH of the buffer slightly, and 
by a slight increase in the relative proportion of 
acetonitrile to methanol in solvent A. 
Peak area analysis was performed automatically by 
the data recording module. This was regularly calibrated 
against a known external standard. As this may be sub-
ject to error due to slight changes in retention time of 
the peaks, the values were also later recalculated by 
hand from the peak heights. 
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Chapter 3 
/gL2a4p Um ite4zOnii 
(3.1) Introduction 
Although previously classified as S12i.1zLUum £11ionL 
(Giesberger, 1936; quoted in Hylemon 	aL, 1973), the 
Spirilla were extensively studied and reclassified by 
Hylemon 	as., (1973) and Carney ei aL, (1975), who 
proposed that S. iteazonii should be reclassified in the 
(newly described) genus 
4q ua4pL'zLULLI?z jteAzonii is a non-photosynthetic 
freshwater bacterium. It has a helical morphology, cell 
diameter is 0.4- 0 . 6TJm, cell length about 2.0-5.6pm, and 
between -  1 helical turns per cell. The cell is motile 
by means of bipolar fascicles of flagella. Growth may 
be aerobic, or anaerobic in the presence of nitrate, which 
is reduced beyond the nitrite stage. Coccoid bodies are 
found in older cultures. The G+C content of the DNA is 
62%. 
A. Li3onLi has been used to study the role of haern 
in the control of haemoproteifl biosynthesis (Clark-Walker 
ad., 1967; Lascelles i aL, 1969). Spectroscopic 
analysis on whole cells showed the presence of both - 
and c-type cytochromes as well as a carbon monoxide bind-
ing pigment of the o-type. When grown under conditions 
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of high aeration the cells formed about equimolar amounts 
of cytochromes 9 and c. The c-type cytochrome was found 
to be of two types, a membrane bound form (alpha peak at 
552nm)' which constituted about 85% of the total c-type 
cytochrome from aerobically grown cells, and a soluble 
periplasmic form (alpha peak at 550nrn) which constituted 
the remainder. When the cells were grown under low 
aeration without nitrate the total cytochrome content 
increased by three fold. Most of this increase was caused 
by an increase in the c-type cytochrome concentration. 
However the proportion of soluble c-type cytochrome to 
total c-type cytochrome content increased only slightly 
to about 25%. 
Under conditions of low aeration in the presence of 
nitrate thare was an approximate five fold increase in 
the total cytochrome content, again predominantely caused 
by the increase in ctype cytochrome concentration. 
However under these conditions the proportion of soluble 
c-type cytochrome to total c-type cytochrome content 
increased to about 50% (Gauthier et aL, 1970). Garrafd 
(1972) showed by pulse labelling experiments that the 
soluble c-type cytochrome is not a precursor to, or a 
product of, the membrane bound c-type cytochrome. 
Clark-Walker & Lascelles (1970) reported the purifi-
cation of a cytochrome c-550. The cytochrome was released 
by sonication, then purified by a combination of ammoniuni 
sulphate fractionation and chromatography on DEAE and CM 
celluloses. The purified reduced cytochrome had absorb-
tion maxima at 550, 522 and 416nm. An isoelectric point 
of pH 9.9 at 4 ° C was reported. The estimated molecular 
weight by ultracentrifugation was 10,800 and the protein 
contained one haem per molecule. An amino acid comoosi-
tion was also reported. 
	
On the basis of this evidence the 4. 	'z-onL 
cytochrome c-550 was thought to be a cytochrome C 2 .-like 
protein, with about the same chain length as mitochondrial 
cytochrome c (Ambler's class IB: Ambler, 1982). 
Garrard (1971) showed that selective release of some 
periplasmic proteins, including cytochrome c-550, could 
be achieved by treatment of the cells with Tris-EDTA sol- 
utions. 
The occurrence of more than one type of small solu-
ble c-type cytochrome has not been reported before the 
present investigation, although Gauthier 	aL (1970) 
have reported the presence of a soluble nitrate reductase 
of unspecified type in a cell free extract obtained from 
cultures grown under low aeration in the presence of 
nitrate. 
On the basis of 16S RNA data Stackebrandt & Hoese 
(1982) have proposed that the classically defined genus 
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Aquaspirillurn lacks phylogenetic coherence. Their analy -
sis indicates that A. iie-3onL should be grouped with 
the purple photosynthetic bacterium IRhodoopL2LUum ,tuPLiuinz. 
The cytochrome c 2 from I?sp. tuL.izurn has been isolated 
and sequenced (Sletten zt ar., 1968; Dus ei aL, 1968). 
It possesses some homology with mitochondrial cytochrome 
c, but to obtain the best sequence alignment several 
insertion/deletion events must be postulated. The mole-
cular weight of Rp. ,uLzurn cytochroine C2 is 12,840. The 
only other cytochrome c 2 that has been found with a simi-
lar pattern of insertion/deletions, and hence molecular 
weight, comes from Rhodop-udoh'zona'3 phooizi.Lcum (Ambler, 
197'7). 
From the published information the 4. 	iz-on 	cyto- 
chrome c-550 does not seem to be closely related to that 
for Rp. iuiuLm, having a significantly lower molecular 
weight, so sequencing it was considered worthwhile to 
check the Stackebrandt & Woese (1982) prediction. 
In this work both a cytochrome identified as the 
previousl y purified cytochrome c-550, and a previously 
unknown cytochrome c-556 were purified. The complete 
amino acid sequence of the cytochrome c-550 was determined. 
In addition partial purification of a cytochrome cd, 
assumed to be the nitrite reductase, was achieved. 
(3.2) Growth of cells 
A. j t e/tzonii was maintained on Oxoid agar slcpes. 
The method of Clark-Walker & Lascelles (1970) was used 
for growth of cells. The organism was transferred to 
Oxoid broth agar plates and grown at 30 0 C for 48h. Col-
onies were selected and transferred to liquid Oxoid broth 
media (5ml) and incubated with shaking for a further 48h 
at 30 ° C. This culture medium was used to inoculate 2 litre 
flasks filled to 80% capacity with GGS medium. In addi-
tion 20mM KNO 3 and 2pM ferric citrate were added. The 
cultures were incubated at 30 0 C for 24h in an orbital 
shaker at 200rpm. Additional ferric citrate was then 
added to a final concentration of 20pN and the cultures 
incubated for a further 24h, but at 50rpm. Typically 11 
flasks were grown in one batch, containing a total media 
volume of about 20 litres. The cultures were harvested 
using a continuous flow centrifuge. From this volume 
approximately 70g of wet weight cells were recovered. 
These were stored at -20 0 C until required. 
(3.3) Purification of cytochromes c-550 and c-556 
The purification scheme is summarised in table 3.1, 
and is an adaption of the methods of Clark-Walker &Jacs 
(1970) and Garrard (1971) for the isolation of cytochrome 
WOA 
a-550. 
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Table 3.1 Purification of A. 	oniL cytochromes 
Cells washed with 20riiN pH 8.0 Tris. 
.1 
Cytochrome washed from cells with 20mM pH 8.0 
Tris buffer containing 0.2mM EDTA. 
I 
Passage through DEAE-23. Cytochrome cd 
adsorbed, cytochromes c do not bind. 
65 - 100% Ammonium sulphate fraction taken. 
Dialysis against 2mM pH 6.2 Tris. 
I, 
Oxidation with ferricyanide, adsorbtion on 
CM-52, elution with 50mM pH 6.2 Tris. 
Chromatography on Sephadex sG-50 in 10mM 
pH 5.2 ammonium acetate. 
"I, 
Fracti:ons I and II separately purified by 
hydroxyapatite. Cytochrome c-550 eluted 
without adsorbtion, cytochrome c-556 adsorbed 
then eluted with 50mM pH 5.2 ammonium acetate. 
M. 
The precipitated fraction was dissolved in distilled 
water and dialysed against 2mM pH 6.2 Tris buffer (2 x 5 
litres, each overnight at 4 0 C). An approximate 5 fold 
molar excess of potassium ferricyanide was added (approx-
imately 0.2m1 of a 0.1M solution) so as to ensure that 
all the cytochrome was present in the oxidized form. The 
dialysed solution was then applied to a CM-52 column (2cm 
dia x 3cm) previously equilibrated with 2mM pH 6.2 Tris 
buffer. The cytochrome was adsorbed as a bright red band 
at the top of the column. This was washed with 5 column 
volumes of 10mM pH 6.2 Tris, then eluted as a single band 
with 50mM pH 6.2 Tris in as small a volume as possible. 
The preparation was then eluted through a sG-50 Sephadex 
column (1.5cm dia x 100cm, pH 5.2 10mM ammonium acetate 
buffer). Two red bands were observed. One has a V/V0 
ratio of 0.56, the other, faster, band had a V/V0 ratio of 
about 0.46, which corresponds to an apparent molecular 
weight of about twice that of the slower band. No other 
protein components, as recorded on a 254nm absorbtion trace, 
were observed. 
Fraction I, the slower component, showed a single 
alpha peak at 550nm when assayed spectrophotometrically 
after reduction with sodium dithionite. Fraction II, 
the faster component, showed a split alpha peak with max-
ima at 550nm and 556nm. The 556:550 peak ratio in frac-
tion II varied between preparations, but was always in 
the range 1:1 - 2:1. 
The two components of fraction II were separated by 
application to a small (1.5cm dia x 2cm) column of hydroxy-
apatite (prewashed with 10mM pH 5.2 ammonium acetate). 
The cytochrome c-550 was not adsorbed onto the column, 
and was washed through with buffer. The cytochrome c-556 
was bound as a bright red band to the top of the column, 
which was washed with 20mM buffer, then eluted with 50mM 
buffer as a single band. The hydroxyapatite step was also 
performed on fraction I so as to remove trace amounts of 
cytochrome c-556. 
The cytochromes were concentrated by freeze-drying, 
then redissolved in a small volume of distilled water and 
stored at -20 0 C. 
The purity of the cytochrome preparations was assayed 
by SDS-PAGE. Cytochromes c-550 and c-556 could easily be 
distinguished by their different molecular weights (see 
below). Contamination of the cytochromes with other pro-
teins could also be followed during the purification by 
measuring the ratio of the absorbance at 280nm to the 
absorbance of the reduced alpha peak. The best (i.e. 
lowest) ratios obtained for the cytochromes were 1.12 (c-
550) and 1.48 (c-556). 
(3.4) Partial purification of cytochrome cd 
A partial purification of the cytochrome cd was 
M 
attempted. All operations were performed at 4 0 C. 
The cells were washed and treated with Tris-EDTA 
as above. After centrifugation the supernatant was passed 
through a DEAE-52 column as before, and a green/brown 
fraction was observed to bind. The cytochrome cd was 
adsorbed, and eluted from the column with 20mM pH 8.0 Tris 
buffer containing 200mM NaCl. 
The eluate had the absorbtion spectrum shown in fig. 
3.3. It was green in colour.. Unfortunately, despite 
several attempts, no preparation could be obtained that 
gave distinct bands on SDS-PAGE. Instead a streak was 
observed (on staining with either the haem stain or Coo-
massie blue), presumably due to degradation of the protein. 
This degradation may have occurred either during purifica-
tion or electrophoresis, but it is difficult to ditinguish 
between these alternatives. In other systems cytochrome 
cd molecular weight determinations have usually been made 
by gel filtration or ultracentrifugation, although Silves-
trini ai aL (1979) used SDS-PAGE for Pedornona a.uqn- 
o-a cytochrome ed. 
(3.5) Yields 
The cytochrome yields varied slightly from batch to 
batch, particularly for the c-556, but were within the 
range 6.0-7.0iMo1 cytochrome c-550 per kg wet weight cells 
and between 0.1-1.5uMol of cytochronie c-556 per kg wet 
weight cells. 
(3.6) F erredoxin 
A preliminary examination of A. L lLzonii for ferre-
doxins was performed. Cells were lysed by sonification 
in 20mM pH 8.0 Tris, centrifuged, and the soluble fraction 
adsorbed on DEAE-cellulose (to which any ferredoxins would 
be expected to bind). Fractions were eluted using a 0 - 
O.5M NaCl gradient, and examined spectroscopically for 
ferredoxin. None was detected. 
(3.7) Results of preliminary characterization of cyto-
chromes c-550 and c-556 
The UV/visible absorbtion spectra of the cytochromes 
c-550 and c-556 are shown in figs 3.1 and 3.2, and the 
results are summarized in table 3.2. 
The molecular weights of the cytochromes were estima-
ted using the 22% SDS-PAGE system (section 2.2.2) with 
known cytochrome c standards. The molecular weights were 
estimated from a standard plot of molecular weight against 
the distance from the top of the gel to the leading edge 
of the cytochrome band (figs. 3.4 & 3.5). Both cytochromes 
were found to contain a single haem per molecule as deter-
mined by the pyridine haemochrome method (section 2.2.7). 
I1 
Mid-point oxidation-reduction potential was determined 
for the cytochrome c-556 using the method described in 
section 2.2.8, and the results are given in fig 3.6. 
The isoelectric points of the cytochromes were esti-
mated from isoelectric focusing gels. The pH gradient 
was determined by measuring pH across the area of the gel 
containing the cytochrome using a surface pH electrode. 
Carrier ainpholines with pH ranges of 9 - 11 and 5 -7 were 
used for cytochromes c-550 and c-556 respectively. Cyto- 
chrome c-550 was estimated to have a . pKi of pH 9.80 (±0.10) 
whilst that for cytochrome c-556 was estimated to be pH 
6.75 (±0.10). 
The amino acid compositions for both cytochromes were 
determined from 24h and 96h hydrolyses which were analysed 
on the Beckman 120-C amino acid analyser. A MESA analysis 
was also performed on the cytochrome c-550. The calculated 
values are shown in Tables 3.3 and 3.4. 
The cytochrome a-550 isolated from the Sephadex sG-50 
fraction II was subjected to these experiments in parallel 
with the cytochrome c-550 from fraction I. No differences 
could be distinguished between these samples. 
M. 
Table 3.2 Absorbtion spectra of cytochrornes c-550 and c-556 
Absorbtion peaks 	Cytochrome a-550 	Cytochrorne c-556 
alpha red. 550nm 556 
beta red. 522 526 
Soret ox. 412 416 
Soret red. 416 422 


















280nm/alpha red. 	0.82 
	
1.10 
Soret red./alpha red. 	5.27 7.65 
alpha red./beta red. 1.73 
	
1.55 
*Cytochrome c-556 extinction coefficients were determined 
by using the value of 29.1mW 'cm 1  as the mM extinction 
coefficient for the alpha peak of the reduced pyridine 
haemochrome. Cytochrome c-550 extinction coefficients 
were determined from a solution of known molarity from 













Fig 3.1 4quai12J1LLUum L i--oniL cytochrome c-550 
Absorbtion spectra of oxidized and reduced 
forms in 50mM potassium phosphate buffer pH 7.0. 












Fig 3.2 Aqua .612 i4igg uln 	'ionL cytochrome c-556 
Absorbtion spectra of oxidized and reduced 
forms in 50mM potassium phosphate buffer pH 7.0 
300 	4U0 	uu 	tuu 
Wavelength (nm) 
Fig 3.3 Aquazl2 ilz i9guni i.&e,-,zonii cytochrome cd 
Absorbtion spectra of oxidized and reduced 
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c3J 
Fig 3.4 	SDS-PAGE of A. U.iz-oonL i cyto chrome s 6-550 & c-556 











P.o. a.Jz.ugi.no.oa c-551 
R-o. 2.enu c-551 
R.o. rnoL.ochanurn c-550 iso-i 
A. LLez-oon.L c-556 
Rp.o. 12au-3..i.L-3 c-550 
A. L2t.t..z.00nL 	c-550 
Rp-. pau-o..i.o c-550 
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Fig 3.5 SDS-PAGE estimation of cytochrome moleuclar weights 
E 	I 
0  6.61 
 
0 


























P.o. 	aiuigLno-ia 82 8,500 
cytochrome c-551 
R.o. 	In u. 92 9,800 
cytochrome c-551 
t?i. 	rno.oc/ithnurn 100 10,300 
cytochrome c-550 iso-1 
114 12,200 
cytochrome c-550 
Molecular weights taken from Dayhoff (1972 and supplements). 
Estimated molecular weights (unmodified chain) 
Aqi.ia.opeurn 	i7..00n 	 11,800 
12,800 
The additional bands seen on the c-556 trackwere attributed 
to protein aggregates 
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Fig 3.6 	Mid-point oxidation reduction potentials 
Ordinate = Redox potential 
Abscissa = Log (cytochrome ox 	 red ) 
Al Horse heart cytochrome c alpha peak 
-1.0 	0 	1.0 
Intercept is 262mV 
Slope of line is 59mV (pH 7.0) 
B! A. it z z ,6onii c-556 	 alpha peak 
-1.0 	0 	1.0 
 
Intercept is 87 mV 
Slope of line is 61mV (ph 7.0) 
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Table 3.3 Amino acid composition of 4. 
LJnonLj 
cytochrome c-550 
Composition Clark-Walker & Composition 
from LasceileS (1970) from 
Amino hydrolysis c-550 composition 
sequence 
(Fig 	4.4) 
acid 24h 96h for comparison. 
As paper 
(96+24)h x 1.20 
average 
Lys 12.17 12.27 10.81 12.98 
12 
His 1.05 1.15 0.86 1.03 
1 
Arg 2.95 3.02 2.22 2.67 3 
Asx 11.88 11.63 10.00 
12.01 12 	(8 Asp, 
4 Asn) 
Thr 9.21 9.06 7.67 
9.21 9 
Ser 4.91 5.22 3.54 4.25 
5 
Glx 5.81 6.15 4.15 4.98 
6 	(3 Glu, 
3 GIn) 
Pro 5.05 4.72 4.26 
5.12 5 
Gly 1.81 12.25 10.00 
12.00 12 
Ala 20.52 20.35 18.15 
21.80 21 
Val 1.73 2.09 1.50 
1.80 2 
Met 0.78 0.72 0.75 0.90 
1 
Ile 3.12 3.14 3.07 
3.68 3 
Leu 5.77 6.04 4.96 
5.96 6 
Tyr 3.75 3.72 3.14 3.77 4 
Phe 5.89 5.93 4.90 5.88 
6 






Composition values were normalised with reference to the 
calculated' SDS-PAGE molecular weight of 11,800 (Fig 3.5) 
Cysteine was estimated from analysis of a separate 
perforrnic-acid oxidized sample. 





Amino acid composition of A. 	rsonLi 
cytochrome c-556 
Composition from Residues per 
hydrolysis molecule. Nearest 
24h Ox 	96h integer. 
12.83 	12.72 13 
2.01 2.05 2 
3.00 	3.05 3 
1.05 	- 2 
12.73 13.07 13 
5.01 	4.86 5 
6.02 5.67 6 
10.74 	11.10 11 
2.83 2.91 3 
10.72 	10.88 11 
21.84 22.10 22 
8.94 	9.91 10 
- 	 1.97 2 
4.82 5.85 6 
5.35 	6.12 6 
lost 2.03 2 






















Composition values were normalised with reference to the 
calculated SDS-PAGE molecular weight (12,800) and a common 
divisor giving the best near integral values for amino 
acid residues. Trp was not determined directly, but esti-
mated from the 550/E280 ratio, the approximate value of 
1:1 indicates a single Tryptophan residue. 
(3.8) Comments on the cytochrome isolation and character-
ization 
The growth conditions and isolation procedures used 
were essentially the same as those used by Clark-Walker 
& Lascelles (1970). The results obtained differed in 
two respects from those obtained previously. The cyto-
chrome c-550 was found to have a molecular weight of 
about 12,400 (including the haem), higher than the 10,800 
previously reported. A minor c-type cytochrorne was also 
isolated. 
Despite the differences in reported molecular weights, 
the cytochrome c-550 isolated in this work, and that iso-
lated by Clark-Walker, were considered to be the same. 
The spectrum and pKi of the two isolates were similar. 
Clark-Walker determined the molecular weight by ultracen-
trifugation, a method particularly susceptible to error, 
and if their amino acid composition is multiplied by a 
suitable factor (1.20), it is found to be in good agree-
ment with the amino acid composition determined in this 
work. 
The minor cytochrome component was not reported by 
Clark-Walker. This could be because of slight differences 
in growth conditions (variable yields were found in this 
work), or possibly proteolysis of the minor component. 
The purification method employed by Clark-Walker did not 
include a gel filtration step, which was where the hetero- 
97 
geneity of the A. 	it,sonLL cytochrome isolate was first 
detected. However the preparation obtained by Clark-
Walker was probably pure as the minor component would have 
been easily detectable on SDS-PAGE. 
In a series of papers, Cornish-Bowden (1976, 1977, 
1981) has proposed that the relationship between proteins 
can be estimated by comparison of the amino acid composi-
tions using the below equation. 
(ffA
n.n.
Sn = NA 	
- 1B) 
where NA and  NB  are the number of residues in proteins 
A and B respectively. 
NA is longer than or equal to NB. 
n iA and n. are the number of residues of amino acid 
I in proteins A and B respectively. 
Cornish-Bowden proposed the following limits for estima-
ting protein relationships: probably related if Sin< 0.42; 
incbnclusive if 0.42 < SAn < 0.93; probably unrelated if 
SAn > 0.93. 
The A. itzptzonii cytochrome c-556 amino acid composi-
tion was compared with the cytochromes shown below. 
Comparison of cytochrorne c amino acid compositions 
A. ie.'.-6on.LL c-556/Rp. paeu-JLL-6 c-556 	 1.38 
A. itez zon i i c-556/74ga-oaLizLum um acLn6 c-556 	0.94 
A. 	i-6onLL c-556/Paitacoccu.o 	 c-556 	1.41 
The SAn values obtained do not show any pronounced 
similarity in amino acid composition between the A. 
-sonLL cytochrome c-556 and either the cytochromes c-556 or 
c-550. 
The green protein was tentatively identified as a 
cytochrome cd on the basis of the spectrum, the 635nm 
band being characteristic of this class. However there 
are some minor differences from the P.azugLnO3C1 cyto-
chrome cd (see Meyer & Kamen, 1982 for spectrum), in par-
ticular the haem d peak is broader and blue shifted, 
which maybe caused by partial denaturization. 
Wei 
-Chapter 4 
The amino acid sequence of A. ii_e Azonii cytochrome c-550 
(4.1) Introduction 
The complete amino acid sequence of the A. £iz.00ni 
cytochrome c-550 has been determined by characterizing 
the products of three enzyme digests (trypsin, thermolysin, 
and chyinotrypsin). The methods used for protein diges- 
tion and peptide isolation were described in section 2.2.11-15. 
Except where otherwise noted peptides were sequenced using 
DABITC (section 2.2.21), although the N-terminal residues 
were usually identified by dansylation (section 2.2.19). 
(4.2) Digest 1 - Trypsin 
Conditions: 1.5pMol apoprotein, 0.45mg trypsin, 4h, 
37 0 C, 0.2M ammonium acetate pH 8.5. 
(4.2.1) Summary of peptides 
Figure 4.2.1 shows the electrophoresis map and 254nm 
absorbtion trace of the G-25 Sephadex gel filtration. 
Peptide amino acid composition and sequence data are 
given in tables 4.2.1 and 4.2.2. Peptides for which 
further explanation has been thought necessary are also 
discussed below in order of their position in the 
cytochrome sequence. 
Tb6/7 
-i -s - -s - -s - -s —s -s -. - - 
Ser_Cys_G1y_Thr_CY5HiS_SerPheumfhYY (Ala, Lys) 
12 13 14 15 16 17 18 19 20 21 22 23 
The location of this peptide on the peptide map was 
found through the use of the Pauli stain. The peptide was 
subsequently oxidized before elution. Residues 12 to 17 
were sequenced by dansyl-Edman degradation as well as 
DABITC so as to obtain identification of Dns-Cya by electro- 
phoresis at pH 4.35. 
Tb5/5 
Lys -Gln-Gly-Pro-A sn-Leu-Phe-Gly-Il e-Thr-Thr-Arg 
26 27 28 29 30 31 32 33 34 35 36 37 
The yield of this peptide was low, probably because 
of the removal of the N-terminal lysine by trypsin to give 
free lysine (detected) and formation of the peptide Gln-27 - 
Arg-37. This latter peptide was not detected, presumably 
because of cyclization of the N-terminal glutamine residue 
to a pyrrolidone carboxylyl residue, which does not react 
with ninhydrin. 
As with most arginyl C-terminal peptides excellent 
results were obtained with DABITC and all residues were 
identified, although with low yields for the final two 
100 
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residues. Leu-31 and Ile-34 were both detected as Dabth-
Leu/Dabth-Ile (not distinguishable on polyamide plates) and 
ascribed as the above on the basis of evidence from other 
digests. The amino acid analysis of this peptide showed 
some contamination with serine (0.27), but DABITC results 
were clean. 
Tb6/5 
Gly_Pro_Gly_Lys-Ala-GlU-GlYPhe-AsflTyr, (Ser, Pro, Ser, Tyr, Lys) 
38 39 40 41 42 43 44 45 46 47 
The peptide was obtained in low yield, probably as 
it results from incomplete digestion with trypsin. The 
peptide did not sequence well with DABITC and positions 43, 
44 and 46 were poor. Residues after Tyr-47 could not be 
placed. 
- - - - - 
Tb4 	 Ala-Ala-Ala-Ala-Lys 
53 54 55 56 57 
Amino acid analysis was performed on both the Beck-
man and the Rank-Hilger amino acid analysers. However 
there was some concern that the peptide could be either 
(Ala3,Lys) or (Alas,Lys) instead of the (Ala,Lys) recorded. 
An Offord plot (fig 4.2.2) supported the belief that the 
peptide was (AlaL.,Lys). As detection of Dabth-Lys can 
be poor the peptide was also sequenced by dansyl-Edman 
degradation. 
102 
-.-.% - --.'& - 11 
Tc5 	Met-Thr-Phe-Lys 
90 91 92 93 
The peptide was not oxidized so that unambiguous 
results could be got on the amino acid analyser and with 
DABITC sequencing. The yield, stoichiometry and purity 
were unexpectedly good. However a peak in the aspartate 
position (0.23) was seen which could be caused by either 
contaminant aspartate or (more probably) by oxidized meth-
lonine. The peptide was sequenced with DABITC and clean 
results were obtained although the repetitive yield was 
rather low (see Tc4). 
- - - - - - - 
Tb7/1 	Leu-Ala-Lys-Pro--Asp-G1U-Arg 
94 95 96 97 98 99 100 
Peptide bond 96/97 was not cleaved by trypsin, 
probably because residue 97 is proline. 
- - - - - - 
Tc9 	Ala-Asp-Val-Ile-Ala-Tyr 
101 102 103 104 105 106 
The peptide was presumably produced by pseudochymo-= 
tryptic cleavage of Tb8 by the trypsin. To confirm the 
sequence the peptide was treated with carboxypeptidase A 
and the following results were obtained. 
Tyr(1.00), Ile(0.71), Ala(0.73), Val(0-34) (relative 
yields) 
This is consistent with the above sequence. 















ptide not from A. 
LJ7.-S On LL 





Ala_Asp -Val _I1e_Ala_Tyr_LeUAlaT 	(Leu, Lys) 
101 102 103 104 105 106 107 108 109 
The low yield was ascribed to pseudochymotryptic 
activity by the trypsin cutting after Tyr-106 to give 
peptides Tc4 and Tc9. The amino acid analysis indicated 
contamination with glycine (0.31) and glutamic acid (0.24). 
The peptide appeared to tail on paper, and the recorded 
acidic mobility was thought to be due to slow movement of 
the peptide from the origin and not to any net acidic 
charge on the peptide. It was not found to be possible 
to sequence completely this peptide with DABITC (see Tc4). 
- - - - - 
Tc4 	Leu-Ala-Thr-LeU-Lys 
107 108 109 110 111 
This peptide and peptide Tc9 were produced by pseudo-
chymotryptic cleavage of Tb8 by the trypsin. Several 
attempts were made to sequence this peptide with DABITC. 
A typical result would be: N-t Leu (strong), N-1 Ala, 
N-2 Thr (weak or fail), N-3 and N-4 (fail). It was con- 
eluded that the residual peptides Dabth_Thr-LeU-(E-Dabth) 
Lys and D abth_Leu_(E_Dabth)Ly5 are so hydrophobic that 
they are extracted into the heptane/ethyl acetate phase 
during the first extraction step. The peptide was there-
fore sequenced wholly by dansyl-Edman degradation, and 
good results were obtained. 
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(4.2.2) Comments on the tryptic digest 
Peptides were isolated that covered the entire seq-
uence except region 59-80. All lysyl and arginyl bonds 
were hydrolysed with the exception of the Lys-96 - Pro-97 
bond, where no hydrolysis was observed. The Lys-41 - Ala-
42 bond seemed only to be partially cleaved although it 
is not apparent why this should be so. Pseudochyrnotryptic 
activity was reported from pure trypsin by inagami & Stur-
tevant (1960), and such activity has usually been observed 
in cytochromes c 2 at the position homologous to Tyr-106 
(Ambler, pers comm). 
The expected single peptide from the region Phe-59 
to Lys-80 was not isolated. No peptide was observed on 
the peptide map in the expected position predicted from 
data produced by other digests. The peptide is large (22 
residues), 'contains a large number of hydrophobic residues 
and has a small number of charged residues. For these 
reasons it was considered likely, that the peptide became 
insoluble during isolation. The peptide should have been 
detected on the UV trace if it was eluted from the G-25 
Sephadex column (because of its high aromatic amino acid 
content), but no peak was observed that could not be 
accounted for from other (isolated) peptides 
A number of very low yield acidic peptides were seen 
on the peptide map which were suspected to have come from 
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this region, possibly by pseudochymotryptic or non-specific 
Tc1 
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cz, T77 Z Tb 3 
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Fig 4.2.1 Peptide map of tryptic digest 
IMI 
3O 	 40 	 50 	 bU 





Purn Yield Gly Ala Val Leu Ile Ser Thr Asp Glu Phe Tyr Trp Cys Met Pro Lys His Arg 
TOT I N-t Position 
b7/2 0.0 1.50 G63 20 0.912.00.2 .09 0.9' - - 5 Gly 1-5 
'b5/2 0.42 1.31 G63 11 T.061.70.7 
r L .02 .2: - 6 Gly 6-11 
'b6/7 0.2 f 1.46 G6x3j 14. 3.21 0.91 l.8 1 . 1C 0.222.20.9 - L.82 j.0 O\ 14 I Ser 12-25 
1b5/5 0.4( 1.31 G63 10 2.00 0.8; 0930.271.7 
Nc 
112.71.11 ).901.1( 1.1 12 Lys 26-37 
b3 0.6E 1.75 G6 19 L.9  1 1 1.00.9 4 	1 Gly 38-41 
'b615 0.2' l.4( G6X3 8 -- 2.71.0 1.90 1.191.30.8. 1.8;1.8 15 Gly 38-52 
c7/5 0.0 1.7 G63 9 1.1/0.8 192 1.101.01.1'1.8 
0.90.9 11 Ala 42-52 
Tb4 0.57 1.46 G6 44 4.0 0.9( 5 Ala 53-57 
rb7/3 0.0 1.3 G63 14 1.052.8 0.96115 
110 7 Thr 81-87 
c7/4 0.0 1.90 G63 10 0.91 .09 2 Asp 88-89 
rcs 0.41 1.70 G6 40 J6 0.23 1.00 0. 8f 0.99 4 Met 90-93 
b7/l 0.0 1.4( G63 17 1.0 1.0; 0.84112 1.1(0.8/ 1.0/ 7 Leu 94-100 
Pc9 -0.3 2.1: G6 7 2.110.8: 1 83 108 1.1 6 Asp 101-10 
Pb8 -0.1 1.51 G6 6 0.3: 3.3 o.E62.260.8.6 )93L.1(0.24 ).86 .01 11 Ala 101-11] 
i'c4 0.4' 1.70 G63 11 0.210.98 ..92 - ...09 1.1] 5 
'Leu 107-iL 
Tcl 1.0 1.8] G6 10 -- 
--
1.00 Free Lys 
Table 4.2.2 Sequence determination experiments on peptides formed from A. 	-60nLL cytochrome c-550 tryptic 
Peptide TOT N—t —1 —2 —3 —4 —5 —6 —7 —8 —9 Other expts. 
Tb7/2 5 Gly Asp Ala Ala Lys Yellow colour with ninhydrin* 
Tb5/2 6 Gly Ala Asn Val Ala Lys Yellow colour with ninhydrin 
Tb6/7 14 Ser Cys Gly Thr Cys His Ser Phe Glu Gln 
-10 	-fl 
GlyGlySeesection4.2.1 
Tb5/5 12 Lys Gin Gly Pro Asn Leu Phe Gly lie Thr 
-10 	-11 
Thr* Arg* 	See section 4.2.1 
Tb3 4 Gly Pro Gly Lys Yellow colour with ninhydrin 
Tb6/5 15 Gly Pro Gly Lys Ala Glu* Gl y* Phe Asn* Tyr 
Yellow colour with ninhydrin - 	See section 4.2.1 
Tc7/5 11 Ala Glu Gly Phe Asn Tyr Ser Pro Ser Tyr 
-10 
Lys _ 
Tb4 5 Ala Ala Ala Ala Lys  See section 4.2.1 
Tb7/3 7 Thr Gly Asp Ala Ala Ala Arg  
Tc7/4 2 Asp Lys  
Tc5 4 Met Thr Phe Lys See section 4.2.1 
Tb7/1 7 Leu Ala Lys Pro Asp Glu Arg See section 4.2.1 
TO 6 Ala Asp Val lie Ala Tyr See 	section 4.2.1 
Tb8 11 Ala Asp Val lie Ala Tyr Leu Ala* Thr* See section 4.2.1 
Tc4 5 Leu Ala Thr Leu Lys See 	section 	4.2.1 - 
* Indicates substandard DABITC result 
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cleavage, and attempts were made to isolate these pep-
tides by thin layer electrophoresis. Unfortunately no 
pure peptides in sufficient quantity for analysis were 
obtained, although traces of a peptide having the sequence 
(by DAEITC) Phe-Ala-Trp-Asp.... were isolated. 
(4.3) Digest 2 - Thermolysin 
Conditions: 2.OpMol apoprotein, 0.60mg thermolysin, 
4h, 37 0 C, 0.2M ammonium acetate pH 8.5. 
(4.3.1) Summary of peptides 
Figure 4.3.1 shows the electrophoresis map and 254nm 
absorbtion trace of the C-25 Sephadex gel filtration. 
Peptide amino acid composition and sequence data are 
given in tables 4.3.1 and 4.3.2. Peptides for which 
further clarification was thought necessary are also 
discussed below in the order of their position in the 
cytochroxne sequence. 
---% - - —s - - - 
Hb8 	Gly-A sp -Ala-Ala-Lys-Cly-Ala-A sx 
1 	2 	3 	4 	5 	6 	7 	8 
Residue 8 was very poor, but was detected as Dabth-
Asp. The peptide showed a slight negative mobility (-0.12), 
which supports the ascription of this residue as aspartic 
acid. However good evidence elsewhere (peptides Tb5/2 
and Ka2T7) indicatesthat residue 8 is asparagine. The 
mobility of peptide Hb8 could be accounted for either 
because of peptide/paper interactions slowing the migra-
tion of the peptide during electrophoresis, or because 
residue 8 is aspartate produced by deamidation during 
isolation. 
- - - - - - - - 
H c 4 	S e r - C y s - G ly - T hr - C y s - Hi s - S e r - Ph e 
12 13 14 15 16 17 18 19 
The peptide was completely sequenced by DABITC, and 
residues 12 to 17 were also sequenced by dansyl Edman-
degradation. Dns-Cya-13 and Dns-Cya-16 were identified 
by electrophoresis at pH 4.35. 
Hd7/5 	Phe-Asn-Tyr-Ser-Pro-Ser 
45 46 47 48 49 50 
The peptide was isolated in low yield, probably 
because of further thermolytic cleavage at Tyr-47 to give 
Tyr-Ser-Pro-Ser (isolated Hd7/7a) and Phe-Asn (lost). The 
peptide was completely sequenced with DABITC, but Ser-48 
and especially Ser-50 were poor and could not be identi-
fied with certainty. The peptide was also sequenced by 
dansyl-Edman degradation and this confirmed the identifi-
cation of residue 48. Unfortunately residue 50 was not 




- - - - - - - 
He9 	pheAla_Trp-Asp-Aia-Ala-Thr 
59 60 61 62 63 64 65 
The peptide was isolated in low yield, possibly 
because of further cleavage. The peptide gave a positive 
Ehrlich test and Dabth-Trp was identified at position 61. 
The peptide had a high V/Va value (2.35) in relation to 
its molecular weight, as expected for a peptide contain-





The peptide was badly contaminated with alanine (0.38), 
glutamate (0.31) and leucine (0.28), but the DABITC 
results obtained were acceptable. The peptide was run 
on 2.1 electrophoresis after one cycle of Edman degrada-
tion so as to confirm the C-terminal residue. 
(4.3.2) Comments on the thermolysin digest 
Peptides were isolated from most of the molecule. 
No peptide was isolated from the region Leu-31 - Gly-33 
and the region Tyr-106 - Thr-109 was also missed. Both 
these regions contain several thermolysin hydrolysis 
sites and so several low yield peptides may have been 
produced. Likewise Val-103 was not found in a good pep-
tide although traces of an insufficiently pure peptide 
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H bi 	2 	4!22Z22)'- c1 
H  1 
H c 2 	
H d 2/2 
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Fig 4.3.1 Peptide map of thermolytic digest 
ii:z 
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Table 4.3.1 Properties of peptides formed from A. in.-oniL cytochrome c-550 by thermolytic digestion 
Val Leu lie Ser Thr Asp Glu Phe Tyr Trp Cys Met Pro Lys 





Putn Yield Gly Ala 
2.04 319 L 94 0.83 
8 Gly 1-8 
b8 -0.12 1.50 G63 11 
121 3 Val 9-11 
Di 0.80 1.40 G6 27 0.820.9' 
1.03 1 1 L 89 0.88 0.87 2.21 Li' 8 Ser 12-19 34 0.28 1.92 G6X3 28 
b3/3 0.31 1.43 G63 16 2.92131  
0.98 322 0.81 0.722.12 12 Phe 19-30 
b3/2 0.32 1.45 G63 20 313101 0.92 2.01 1.22 
0.81114 o.91 11 lie 34-44 
L 89 0.94 1051.08 0.94 6 Phe 45-50 d7/5 0.0 2.10 G63 6 
4 L92 120 0.92 4 
(Tyr) 47-50 
d7/7E 2.15 G63B 
109 Lii 109 3 
Tyr 51-53 
d2/2 0.61 2.24 G63 5 
c3 0.60 1.81 G63 ii 1.10 2.199 0.98 
5 Ala 54-58 
113 198 0.88 4 
Ala 55-58 
c2 0.66 1.81 G63 6 
e9 -0.28 2.35 G6 13 2.84 10910 100 
+++ 7 Phe 59-65 
2.15 G63 16 0.81 Li105 0.83 
4 Leu 66-69 
d10 -0.51 
•c9 -0-42 1.81 G6 22 S 1.00 L 08 0.9 
0.99 - 4 lie 70-73 
[e7/7 0.0 2.38 G63 8 10.911  IL02 116 
3 Thr 74-76 
1b4 0.24 1.42 G63 10 1172.82 0.84 D.92 1231l 
188 105 'Leu 77-89 
Idi 0.7 2.12 G63 17 - >< 10.28 0.3i0.95 = 08 A Phe 92-93 
.able 4.3.1 (cont) Properties of peptides formed from A. Ltit-onLL cytochrome c—U by tflermoj..ytic aigestion 
Val Leu lie Ser Thr Asp Glu Phe Tyr Trp Cys Met Pro 





Purn Yield Gly Ala 
L 1.96 0.84 2.16 0. 0.99 0.82 102 9 Leu 94-102 9/3 -0.20 1.62 G63 12 
121 0.79 2 (Ile)104-105 W71 0.0 2.15 G63B 2 
22 0.88 112 
2 Leu L10-111  
1 0.82 1.92 G63 
I- 
I- 
oeg uence aeiermini i±uii 	xprLnituu o oii 	 i ui 	 .. ''a 	• 	 - 
thermoivtic digest 
Peptide TOT N—t —1 —2 —3 —4 —5 —6 —7 —8 —9 Other expts. 
Hb8 8 Gly Asp Ala Ala Lys Gly Ala Asx* 
r with ninhydrinl Yellow co ou 	
See section 4.3.1 
Hbi 3 Val Ala Lys 
C--terminus 	confirmed by 2.1 electro- 
 ioresis after 2cyclesEdmandeyrad. 
Hc4 8 Ser Cys Gly Thr Cys His Ser Phe See section 	4.3.1 
Hb3/3 12 Phe Glu Gln Gly Gly Ala Lys Lys Gin Giy* 
Hb3/2 'ii lie Thr Thr Arg Gly Pro Gly Lys Ala Glu* 
Hd7/5 6 Phe Asn Tyr Ser* Pro Ser* See section 4.3.1 
Hd7/7a 4 
Insufficient material for analysis 
Hd2/2 3 Tyr Lys Ala 
Hc3 5 Ala Ala Ala Lys Giy 
Hc2 4 Ala Ala Lys Gly 
He9 7 Phe Ala Trp Asp Ala Ala Thr See section 4.3.1 
HdlO 4 Leu Gin Asp Tyr 
Hc9 4 lie Thr Asp Pro 
11e7/7 3 Thr Ala Phe 
Hb4 13 Leu Ser Asn Lys Thr Gly Asp Ala Ala Ala 
- 10 	-11 	-12 
Arg Asp Ly s* 
Hdl 2 Phe Lys See section 4.3.1 
* Denotes substandard DABITC result 
oequenuu u 	iiiin ULUII 	 LIUil U 	 •-. 	 - 
by thermolytic digestion 
Peptide TOT N—t —1 —2 —3 —4 —5 —6 —7 —8 —9 Other expts. 
Hb9/3 9 Leu Ala Lys Pro Asp Glu Arg Ala* Asp*  
Hd7/7b 2 Insufficient material for analysis 
}icl 2 Leu Lys  
* Denotes substandard DABITC result 
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corresponding to Hb9/3 plus one Val residue was isolated. 
No peptide was isolated containing Met-90 - Thr-91, again 
possibly because of several cleavage sites around this 
region. 
Overlapping peptides were isolated in the region 
Lys-52 - Gly-58 as thermolysin can apparently cleave 
either before Ala-54 or Ala'-55. 
(4.4) Digest 3 - Chymotrypsin 
Conditions: 2.OMo1 apoprotein, 0.60mg chymotrypsin, 
4h, 37 ° C, 0.2M ammonium acetate pH 8.5. 
(4.4.1) Summary of peptides 
Figure 4.4.1 shows the electrophoresis map and 254nm 
absorbtion trace of the G-25 Sephadex gel filtration. 
Peptide amino acid composition and sequence data 
are given in tables 4.4.1 and 4.4.2. Peptides for which 
further explanation has been thought necessary are alse 




-.A. _..&,-a. -k 	__ 	___ __ - 
Gly-Asp-Ala-Ala-Lys-Gly-Ala-Asfl-Val-Ala-Lys-Ser, (Cys,Cly, Thr, 
1 	2 	3 	4 	5 	6 	7 	8 	9 10 11 12 Cys,His,Ser, 
Phe) 
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DABITC sequencing was attempted on both the unoxi-
dised and the (subsequently) oxidized peptide. Best 
results were obtained from the latter. 
The oxidized peptide was subdigeted with trypsin 
and three peptides were isolated in approximately equal 
yields. These were analysed qualitatively by 2.1 paper 
electrophoresis, and the N-termini were determined by 
dansylation. 
Ca2T7 	Gly_(Asp,Ala,Ala,LyS) 	 m = 0 
• 	 1 
Ca2T9 	Gly_(Ala,Asn,Val,Ala,LYS) 	 m = +0.42 
6 
Ca2T5 	Ser_(C ys ,G1 y ,Thr,Cys,Ri5,3er,P) 	m = -0.45 
12 
Cb6/ 5 	u _Gln _Gl y _Gl y A1 a _LyS _Ly 5_G1n_GlY_'0_A sn-Leu-P1.e 
20 21 22 23 24 25 26 27 28 29 30 31 32 
Good DABITC results were seen for most residues up 
to and including Pro-29, although Lys-25 was weak. The 
peptide was treated with carboxypeptidase A and the 
following results were obtained. 
Phe (1.00), Leu (0.94), Asn (0.22) 	(relative yields) 
The results are consistent with the proposed sequence. 
The low yield of asparagine may be because the preceding 
residue is proline. 
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- - - - - - - - - - - - 
Ca4/ 4 	Leu-Ser-A sn-Lys -Thr-Gly-A sp _Ala-Ala-Ala-Arg-A sp - 




The peptides are identical except that Ca4/4 was 
without the final Thr-Phe of Ka4/6. The peptides tailed 
on paper and were not completely separated. However the 
elution strips were cut so as to try to obtain pure pep- 
tides. 
- --a.. - - 
Ca4 	Lys-Leu-Ala-Lys, (Pro,Asp,Glu,Arg,Ala,ASp,Vai,Ile, 
93 94 95 96 	 Ala,Tyr) 
Low yields of valine (0.56) and isoleucine (0.46) 




107 108 109 110 111 
This peptide is identical to Tc4 and the same prob-
lems were encountered trying to sequence it, and the 
same solution applied. 








• 	• MENEM 
U _ 
MENNEN 
MENEM MENOMMENESIME MENNIMMIES 
* d-+ 	QSH }ivdrol vsi s 
chymotryptic digestion 
Peptide TOT N—t —1 —2 —3 —4 —5 —6 —7 —8 —9 Other expts. 
Ca2 19 Gly Asp Ala Ala Lys Gly Ala Asn Val Ala 
-10 	-11 Yellow colour with ninhydri 
LysSer* 	See section 4.4.1 
Cb6/5 13 Glu Gin Gly Gly Ala Lys* Lys Gin Gly Pro 
-10 	-11 	-12 
Asn Leu Phe 	See section 4.4.1 
Cb5 13 Gly lie Thr Thr Arg Gly Pro Gly Lys* Ala 
-10 	-11 
GluGly*Yellowcolourwithninhydr 
Cc7 6 Asn Tyr Ser Pro Ser Tyr  Yellow colour with ninhydrin 
Cbl 7 Lys Ala Ala Ala Ala Ly Gly Phe 
Cd8 7 Ala Trp Asp Ala Ala Thr Leu Ehrlich test positive 
Cc9 5 Asp Ala Ala Thr Leu 
Ccli 8 Asp Ala Ala Thr Leu Gin Asp Tyr  
Cc8 7 Ile Thr Asp Pro Thr Ala Phe 
Ca4/6 14 Leu Ser Asn Lys Thr Gly Asp Ala Ala* See section 	4.4.1 
Ca4/4 16 Leu Ser Asp Lys Thr Gly Asp Ala Ala Ala 
-10 -11 -12 -13 
ArgAspLysMetSeesection4.4.1 
Ca7 14 Lys Leu Ala Lys See section 4.4.1 
Cb3 5 Leu Ala Thr Leu Lys 
- 
See section 4.4.1 - 
* Denotes substandard DABITC results 
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Ca 6 0929M~ 	 C) 
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(4.4.2) Comments on the chymotryptic digest 
Peptides were identified from all regions of the 
molecule. Several overlapping peptides were isolated from 
the regi on Ala-60 - Tyr-69 because of partial cleavage 
at Trp-61 and Leu-66. Cleavage was not observed at CD 
leucine residues elsewhere in the molecule. 
(4.5) 	Evidence for amide ascriptions in 4. Lr-oni 
cytochrome c-550 
Residues are listed in sequence order. DABITC re-
suits are given for those peptides which gave a clear 
identification of the residue, with substandard results 
ommitted. Peptide mobility evidence is interpreted for 
the peptide showing the clearest result. 
Asp-2 	DABITC results on peptides Tb7/2, Hb8 and Ca2. 
Neutral mobility of peptide Tb7/2 (Gly-Asp-Ala- 
Ala-Lys). 
Asn-8 	DABITC results on peptides Tb5/2, Ca2. 
Basic mobility of peptide Tb5/2 (+0.42; Gly-
Ala-A sn-Val-Ala-Lys). 
Glu-20 	DABITC results: for Glu-20 and Gln-21 on pep- 
Gln-21 	tides Tb6/7, Hb3/3 and Cb6/5. 
Gln-27 	for Gln-27 on peptides tb5/5, Hb3/3 and Cb6/5. 
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Asn-30 	for Asn-30.on peptideTb5/5. 
Basic mobility of peptide Cb6/5 indicates that 
3 or 4 of the residues are present as amides 
(+0.24; Glu_Gln-Gly-Gly-Ala-Lys-Lys-Gln-Gly-PrO-
Asn-Leu-Phe )  
Glu-43 	DABITC results on peptides Tc7/5 and Cb5. 
Basic mobility of peptide Hb3/2 is consistent 
with this ascription (+0.32; Ile-Thr-Thr-Arg-
Gly-Pro-Gly-Lys-Ala-Glu-GlY). 
Asn-46 	DABITC results on peptides Tc7/5 and Hd7/5. 
Neutral mobility of peptide Cc7 (Asn-Tyr-Ser-
Pro.-Ser-Tyr). 
Asp-62 	DABIPC results on peptides He9, Cc9, Cdl and Cd8. 
Acidic mobility of peptide Cc9 (-0.44; Asp-Ala-
Ala-Thr-Leu). 
Gln-67 DABITC results on peptides HdlO and Ccli. 
Asp-68 Acidic mobility of lidlO is consistent with a 
single amide residue. 	(-0.51; Leu-Gln-Asp-Tyr). 
Asp-72 	DABITC results on peptides Hc9 and Cc8. 
Acidic mobility of peptide Hc9 (-0.42; Ile-Thr-
Asp-Pro). 
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Asn-79 	DABITC results on peptides Hb4, Ca4/6 and Ca4/4. 
Basic mobility of peptide Hb4 is consistent with 
a single amidated residue (+0.24; Leu-Ser-Asn- 
Lys-Thr-Gly-Asp-Ala-Ala-Ala-Arg-Asp-Lys). 
Asp-83 	DABITC results on peptides Tb7/3, Rb4, Ca4/6 and 
Ca4/4. 
Neutral mobility of peptide Tb7/3 (Thr-Gly-Asp-
Ala-Ala-Ala-Arg). 
Asp-88 	DABITC results on peptides Tc7/4 and Ca4/4. 
Neutral mobility of peptide Tc7/4 (Asp-Lys). 
Asp-98 	DABITC results on peptides Tb7/1 and Hb9/3. 
Glu-99 	Neutral mobility of peptide Tb7/1 (Leu-Ala-Lys- 
Pro-Asp-Glu-Arg) . 
Asp-102 DABITC results on peptides Tc9 and Tb8. 
Acidic mobility of peptide Tc9 (-0.36; Ala-Asp-
Val-Ile-Ala-Tyr). 
(4.6) Comments on the A. 	i-ooniL cytochrome c-550 
sequence 
The complete A. 	onii cytochrome c-550 sequence 
and characterized peptides are shown in fig 4.4. All 
amino acid residues were identified in at least two diff- 
erent peptides. The sequence derived amino acid composi- 
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tion is in good agreement with the composition from amino 
acid analysis (table 3.8). The sequence derived molecular 
weight is 11,579 which is excellent agreement with the 
SDS-PAGE derived molecular weight of 11,800. 
The sequence aligns well with that of iRp.  
cytochrome a 2 , and no internal insertion/deletion events 
need be postulated. The alignment is shown in fig 4.5. 
The A. 	tonLL sequence is one residue shorter than the 
Rop. ,tui?.iwrn sequence because of a single residue deletion 
at the N-terminus. 
Fi 4.4 Proposed amino acid sequence of 4gua12 iwn £i'5onU cytochrome c-550 
	
Tb7/2 	 Tb5/2 	 Tb6/7 
Gly_Asp_Ala_Ala_LYSG1YA1aA sn_Vai_A1a_Lys_Ser_CY5_C1Y_ThrCY5_11iS_r_P_G1u_Gmn_GlY_Y_LY5_ 
1 	2 	3 	4 	5 	6 	7 	8 	9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
25 
r 	. 	. . 	. 
Hb8 	 Hbl 	 Hc4 Hb3/3 
0a2 	 Cb6/5 
1I_ 	 1l— 	 I 
Ca2T7 	 Ca2T9 	 Ca2T5 
Tb6/5 
Tb5/5 	 Tb3 	 Tc7/5 
Lys_G1n_G1yPro-ASn-LeUPheGlYIi eThr_Thr_Arg_G1yPrO-G1YLYSA 1a-G1u-G1yPhe Asn-Tyr-Ser-Pro-Ser- 
26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 
Hb3/3 	 Hb3/2 	 Hd7/5 
Rd7/7a 
- - —s - - 	 -I 	 —a - —s - —s  - 	 - - •..:__I Cc. 7 
Cb6/5 Cb5 
Tb6/5 
Tc7/5 	 Tb4 
 
- --I - - - I 
Tyr_Lys_Ala_Aia_Aia_Aia_LYS_G1YPhe_A1a_TrP_P_A1a_A1a_T_L_n Asp TJr_ll e_Thr-Asp-Pro-Thr-Ala-Phe 
51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 
66 67 68 69 70 71 72 73 74 75 76 
- i r  
Hd2/2 	Hc3 	 He9 	 HdlO 	 Hc9 	
He7/7 
Hc2 	 Cc9 
- - -. -s - - ---
.% 
 I -s -h - - - - ==t-,  
Cc7 	 Cbi 	 Cd8 
I - - - --.h. - -k —s =±4 - - - - - 
	
I 	 - - '- 
Ccli 	 Cc8 
T c9 
- - 
Tb7/3 	 Tc7/4 	Tc5 	 Tb7/1 	
Tb8 
- 	- 1 r 
Leu_&er_Asn_Lys-Thr-G1YASPA 
77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 
- - - 
 
Hb4 	 Hdl 	 Hb9/3 
Ca4/6 




Val- lie- Ala-Tyr-Leu-Ala-Thr-Leu-Lys 
103 104 105 106 107 108 109 110 111 
I 	I 
Hd7/7b 	 Hcl 




Fig 4.5 Coniparision of A. L z-onL cytochrorne c-550 sequence 
and selected cytochrome c-550 sequences 
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(5-1) Introduction  
Ifl contrast to Gram-negative bacteria, little is 
known about the c-type cytochromes of Gram-positive organ 
isms. The only gram-positive bacteria from which c-type 
cytochromes have been purified to homogeneity are a poorly 
defined strain of BacLu-3 	 (Miki & Okunuki, 1969a, 
b) and i1yco.czcLciLurn p/L (Jacobs et aL, 1979). No seq-
uence data has been reported for either of these cytochromes. 
In addition the presence of c-type cytochromes has been 
detected by spectrophotometric assay on whole cells in a 
small number of other Gram-positive bacteria: BacUuo 
,gaJum (Vernon & Magnum, 1960), Bacu-o 	aIc./lrno - 
12hiu'3 (Downey, 1966), 	caoca'urn hrnoaLLrn. 
(Davidson & Nartree, 1968), unidentified mesophilic deni-
trifying BacLu-o from tropical soils (Pichinoty 
1979), the obligatory alkalophilic bacilli BacL.eu.6 aeka-
ophiu- and Bacu-o /Ln..mu' (Lewis L aL, 1980; Strekas, 
1984) and Rhodococcu-3 equi (Reddy & Kao, 1982). 
In this laboratory, whilst purifying the membrane 
bound penicillinase from Bacu- 	chenLorni-, Neadway 
(1969) noticed the co-purification of a c-type cytochrome 
and this observation has been used as the starting point 
for this work. 
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(5.2) Growth of cells and cytochrome production 
The nature of the electron transport pathways in 
B. gicheniloziniz are poorly understood, and no direct 
evidence is available about the roles of c-type cyto-
chromes. (A brief survey of relevant findings for this 
organism, and the closely related organism B. 'uLLti-i, 
is given below). 
Keilin & Ilartree (1949) detected c-type cytochroraes 
in B. 	 spores at about 6% of the level found in 
vegetative forms, and Miki & Okunuki (1970) showed that 
the cytochrome c content increased throughout growth to 
maximal levels during the late log phase/stationary phase. 
B 	 can produce both a cytochrome aa 3 and a cyto- 
chrome o as terminal electron acceptors (Tochikubo, 1971). 
Taber (1974) attempted to isolate mutants lacking cyto-
chromes. No mutants lacking a-type cytochromes were found, 
but several mutants lacking a-type cytochromes were iso-
lated, some of which were also lacking in c-type cytochromes. 
A rough correlation was observed between restriction of 
growth on non-fermentable carbon sources and the loss of 
cytochrome aa 3 activity. The cytochrome aa 3 complex has 
been isolated by cytochrome c affinity chromatography 
(using a yeast mitochondrial cytochrome c column) (De 
Vrij e. aL, 1983). Miki & Okunuki (1969a, b) isolated 
two c-type cytochromes from aerobically grown B. 
a cytochrome c-550, which they suggested was equivalent 
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to mitochondrial cytochronie c, and a cytochrome c-554 
which was isolated in about one tenth the yield of the 
cytochrome c-550. The cytochrome c-554 was postulated 
to be equivalent to mitochondrial cytochrome ci. 
Schuip & Stouthamer (1970), using B. £.c/l4anoiurL-6, 
examined the influence of oxygen, glucose and nitrate on 
the electron transport chain, particularly the terminal 
nitrate reductase. If B. eicheni-loAmiz is grown under 
vigorous aeration, then shifted to anaerobiosis, the cells 
lyse even in the presence of nitrate. However if the 
period of initial growth was under conditions of low oxy -
gen tension, the cells do not lyse on anaerobiosis in 
the presence of nitrate. Nitrate reductase was found to 
be induced by partial or complete anaerobiosis, and par-
tially repressed by glucose. The cytochrome content was 
assayed spectrophotometrically from cell suspension-s. 
Cytochromes of the a-type were completely repressed under 
anaerobic conditions. Glucose strongly repressed the 
formation of c-type cytochromes, but this effect was 
partially prevented (under anaerobic conditions) by nitrate. 
No significant changes in c-type cytochrome concentration 
was seen between cells grown under conditions of high 
aeration and anaerobiosis, although a slight drop was found 
under conditions of low aeration. 
The nitrate reductase is membrane bound (Schuip & 
Stouthamer, 1972) and has been isolated (Van IT Riet, 1979). 
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It is a Fe-Mo protein of molecular weight 193,000. 
For this work it was decided to attempt to assay the 
amount of c-type cytochromes that could be released from 
cells grown under different growth conditions. Because 
high molecular weight membrane bound c-type cytochrornes 
may be present the total cytochrome c content is not 
necessarily equivalent to or in fixed relation to the low 
molecular weight soluble c-type cytochrome content. 
(5.3) Assay of c-type cytochrome production in 3. 	c/inL- 
Two groups of experiments were performed to ascertain 
the c-type cytochrome yields from cells grown under diff-
erent conditions. The first group of experiments (section 
5.3.1) were performed at an early stage of the work when 
little was known about the number and properties of the 
cytochromes c present in the cells. These consisted of 
growth of the cells under different conditions, followed 
by partial cytochrome extraction and assay of the total 
content by spectrophotometric means. The second group 
(section 5.3.2) were done at a later stage when more 
information about the cytochromes was available. Assay 
for the individual types present was then feasible with 
isoelectric focusing gels. 
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(5.3.1) Spectrophotometric assay 
Small scale cultures were grown in 2 litre flasks 
containing the CH/S medium described in se.ction 2.1. 
Cultures were grown at 37 ° C in an orbital shaker at 120rpm 
and the effective aeration level was varied by using diff -
erent volumes of media in the flasks. Nitrate was omitted 
from some cultures. 	inocula for the cultures were grown 
in small (5m1) 	volumes of L-broth. The rrrowth of the  
cultures was followed by the absorbtion at 450nm. Cells 
were usually harvested in late log phase/early stationary 
phase (24h), but some cultures were harvested in early 
log phase (6h). Harvesting was by centrifugation at 
15,000g for 20mm. 
The harvested cells were washed, lysed, and the 
insoluble cell debris removed by centrifugation as described 
in section 5.5. The supernatant was passed through a DEA-23 
column (2cm dia x 3cm, previously equilibrated with 20m1 
ammonium acetate pH 8.5). The column was washed with 3 
column volumes of buffer, then the crude cytochrome-con-
taming fraction eluted in as small a volume as possible 
with 200mM ammonium acetate pH 4.5 containing 0.5M NaCl. 
The protease inhibitors PMSF and benzamidine hydrochloride 
were added to the eluate to a final concentration of 0.1 
mg/ml and 0.5mM respectively. 
The c-type cttochrome concentration of the solution 
was assayed by measurement of the A 552 oxidized/reduced 
-Table 5.3.1 Production of c-type cytochromes by B. 
chnorrnL-i spectrophotometric assay 
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Strain 	Nitrate 1 Volume Incubation 
(section included 	of 	time 
2.1.1) 	in media media 2 (h) 
(ml)  
6346/c - 	400 24 
6346/c - 1800 24 
6346/c + 	400 24 
6346/c + 1800 24 
6346/c + 	400 6 
11109 - 400 24 
11109 + 	1800 24 
Average Cytochrome 
A +50 on a nMol/g 
harvest—wet weight 









The CH/S medium described in section 2.1.2 was used 
for all experiments. 
The effective aeration level was varied by using 
different volumes of media in the 2 litre flasks 
used for growth. 
Results are the average of three experiments. 
difference. An absorbtion coefficient of 20mN 1 cm' was 
assumed. Results are shown in table 5.3.1. 
(5.3.2) Isoelectric focusing assay 
Small scale cultures were grown in 1 litre flasks 
containing the CH/S medium described in section 2.1.1. 
Cultures were grown at 37 ° C in an orbital shaker at 120rpm 
and the effective aeration level varied by using different 
volumes of media in the flasks. Nitrate was ommitted from 
some cultures, and glucose was occasionally included. 
The cultures were harvested after 24h. 
The cells were washed (section 5.5 ) then lg of the 
packed cells placed in an eppendorf tube. The cell lysing 
buffer (lml) described in section 5.5 was added, and the 
tubes incubated at 37 ° C for 4h. The tubes were centrifu-
ged to pellet the cell debris and then the supernatant 
was removed. A small portion of the supernatant (30p1) 
was applied to an isoelectric focusing gel, ph range 3.5 - 
6.0 (section 2.2.5) and after running the gel was stained 
with the haem stain (section 2.2.4). 	The results are 
shown in table 5.3.2 and fig 5.3.1. 
(5.3.3) Comments on the small scale growth experiments 
138 
These experiments were designed primarily to determine 
the growth conditions which gave the best yields of c-type 
Table 5.3.2 Production of ct-type cytochromeS by 
£Lchno,lmL,6IsoeleCtric focusing assay 
Nitrate' Glucose' Volume of 2 Average A450  
included included media (ml) on harvesting 
in media in media 
- - 200 2.23 
- - 800 1.20 
+ - 200 2.32 
+ - 500 1.59 
+ - 800 1.40 
+ + 800 1.09 
The Cl/S medium described in section 2.1. was used 
for all experiments. Nitrate and glucose were 
included as shown. 
The effective aeration level was varied by using 
different volumes of media in the 1 litre flasks 
used for growth. 
Results are the average of three experimens. 
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Fig 5.3.1 I.coelectric focusing assay of c-type cytochrome 
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cytochrornes for further purification. In the experiments 
described in section 5.3.1 the assay system used involved 
a partial purification step. This was considered superior 
to a direct spectrophotometric assay on the whole cells 
for two reasons. 
The amount of c-type cytochrome present in the 
cells is small, and the partial purification allows some 
concentration of the cytochrome and hence a more accurate 
assay. 
Results obtained from whole cells may be 
distorted by the presence of membrane bound c-type cyto-
chromes which cannot be solubilized by the methods employed 
and also by any overlapping absorbtion caused by the 9-type 
cytochrorne alpha peak. 
The results indicate that there is an increase in 
the amount of solubilizable c-type cytochromes when the 
cells were grown under conditions of low aeration in the 
presence of nitrate. This increase was shown by the 
experiments described in section 5.3.2 to be mainly caused 
by an increase in the cytochrome c-554 content, although 
some increase in the other two c-type cytochromes does 
appear to occur. As the oxidized/reduced 552nm absorbtion 
coefficient is lower for the cytochrome c-554 than the 
other two cytochrornes (section 5.9) the results obtained 
in section 5.3.1 for the increase in total cytochrome 
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content may be an underestimate. 
There is some discrepancy between these results and 
those obtained by Schuip & Stouthamer (1970) who found no 
significant difference in c-type cytochrome concentration 
between cells grown under anaerobic and high aeration 
conditions. A slight decrease was also observed for cells 
grown under low aeration. This discrepancy could be 
accounted for in two ways. 
Schulp & Stouthamer assayed the c-type cyto-
chrome concentration spec t rophotofletrically using whole 
cells, and either of the effects mentioned in (b) above 
could account for the difference. 
Different strains were used in the two studies. 
The results obtained in the present work did shown 
the same repression of c-type cytochrome production when 
the cells were grown in the presence of glucose. 
(5.4) Large scale growth of cells 
B. £LchnLOzmi- 1 strain 6346/c was used in all large 
scale growth experiments. The organism was stored as 
spores at 4 ° C, and small cultures for use as inocula were 
grown up on L-broth as required. 
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Large scale cultures for cytochronie preparation 
were grown in 50 litre fermenters using the OH/S medium 
described in section 2.1.2 with nitrate added. Antifoam 
was added as required, and a constant pH was maintained 
by the addition of HC1 as needed. Cells were grown at 
37 C. Attempts were made to grow the cells under condi-
tions of low aeration, and so aeration was maintained at 
the initial level of 	litres/min throughout so as to 
reduce slowly the effective aeration level. Cell growth 
was monitored by the absorbtion at 450nm, and the cells 
were harvested when an absorbtion of 1.8 was reached, as 
at higher absorbtionc the cells become very prone to lysis. 
If monitoring of the culture showed incipient lysis before 
this absorbtion was reached the cells were immediately 
harvested. 
The cells were harvested in a continuous flow centri-
fuge. Yields of 4-5g/1 were obtained from good growths, 
but yields of 3g/l or less were encountered if the cells 
started to lyse. Harvested cells were stored at 20 0 C 
until required. 
(5.5) Release of cytochrome from cells 
Cytochromes were released from the cells by a modi-
fication of the method employed by Headway (1969) for the 
release of cell-bound penicillinase. 
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The cells were washed twice by resuspension in 3 - 4 
volumes of 20mM ammonium acetate buffer pH 8.5, followed 
by centrifugation at 20,000g for 20mm. The cells were 
then resuspended in 3 - 4 volumes of buffer containing 
lysozyme (0.05mg/mi), DNAase (0.01mg/mi) and trypsin 
(0.Olmg/ml). The mixture was incubated at 37 ° C for 4h, 
then centrifuged at 20,000g for 20mm. The supernatant, 
containing the cytochronie, was carefully decanted from 
the cell debris, which was discarded. 
Direct quantitative assay of the cytochrome release 
from the cells was not possible at this stage with any 
degree of accuracy because of the very low cytochrome 
concentration in solution, and the presence of non-cyto-
chrome chromophores which distort measurement of the 
cytochrome spectrum. 
To show that maximal release of cytochrome has been 
obtained the following procdure was adopted during one 
preparation. After washing, the cells were resuspended 
in buffer as above, and after incubation periods of 0mm, 
30mm, lh, 4h, and 16h the cells were spun down and re-
suspended in new buffer. The supernatant collected from 
each incubation step was taken through the next two puri- 
fication steps, (ammonium sulphate precipitation and octyl 
Sepharose chromatography, see section 5.6) and then 
assayed spectrophotometrically. The results, which are 
shown in table 5.5.1, indicate that 97% of the c-type 
Fig 5.5.1 Release of c-type cytochromes from cells 
Total incubation 	 Release of c-type cyto- 










cytochrome solubilizable by this method is released after 
4h. A portion of cells from the same batch was incubated 
under the same conditions for 16h, but without trypsin. 
A cytochroriie release corresponding to approximately 20% 
was observed, which could be accounted for by the action 
of proteases produced by the cells. 
(5.6) Purification of cytochromes 
Ammonium sulphate was slowly added to the crude cell 
extract to give a saturated solution. The mixture was 
then left to equilibrate at 4 °C for 2h. The precipitate 
was removed by centrifugation at 20,000g for 20mm, and 
discarded. 
The supernatant was then passed through a 2cm dia x 
5cm column of octyl sepharose, which had been previously 
equilibrated with saturated ammonium sulphate solution. 
The cytochromes bound as a bright red ban .  d to the top of 
the column. The column was washed with 3 column volumes 
of 75% saturated ammonium sulphate solution, and then 
the cytochromes were eluted in as small a volume as poss-
ible with 10mM ammonium acetate buffer pH 5.2. The eluate 
was dialysed against 5 litres of buffer overnight. 
The dialysed cytochromes were oxidized by the addi-
tion of excess of potassium ferricyanide. They were then 
absorbed onto a 2cm dia x 10cm column of DAE-52 cellulose, 
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which had been previously equilibrated with lOrnil ammonium 
acetate pH 5.2. The cytochromes were bound as a bright 
red band to the top of the column. The column was washed 
with 3 column volumes of buffer. 
The column was then washed with 50mM ammonium acetate 
pH 5.2. The single band at the top of the column split 
into three bands, (a) a band firmly bound to the top of 
the column (c-554)9 (b) a slowly moving band (c-551) and 
(c) a band moving at about 2-3 times the rate of (b) 
(c-552). The last was completely eluted with the 50mM 
buffer, but better elution of (b) was achieved by using 
100mM buffer once (c) was eluted. The use of the com-
paratively long column ensures the best possible separa-
tion of the components, but as they were eluted in large 
volumes, they were concentrated by dilution to 10mM buffer 
followed by concentration and rechromatography on a small 
DEAE-52 cellulose column. 
The cytochrome c-554 was eluted in the smallest poss-
ible volume with 500m141 ammonium acetate buffer pH, 5.2. 
To facilitate this the top of the column was usually 
removed and repacked before elution. 
The cytochromes were then separately purified further 
on a Sephadex sG-50 column (2cm dia x 100cm, 10mM ammonium 
acetate pH 5.1). A single peak was observed for each 
fraction, whih had the following V/Vo ratios, c-554 (0.51), 
c-551 (0.53), c-552 (0.56). 
After elution from the sG-50 column the cytochrome-
containing fractions were pooled and freeze-dried. Prep-
arations were redissolved in a small volume of distilled 
water, assayed for purity (section 5.7), and stored at 
-20 ° C. A summary of the purification procedure is shown 
in fig 5.6.1. 
(5.7) Purity of isolated cytochromes 
The purity of the cytochrome isolates were assayed 
by several methods. 
Gel filtration. A single, symmetrical peak was 
observed for homogeneous cytochromc preparations on Sepha-
dex sG-50 gel filtration. 
Spectra. 	(Section 2.2.6) The A280/A a-peak 
ratio for pure cytochrome preparations is a function of 
the number of t.ryptophan residues the cytochrome contains. 
For the B. 	c/in/ovL.6 c-type cytochromes ratios of 1.10 
to 1.15 were observed. 
SDS-PAGE. (Section 2.2.6) Single bands were 
observed for homogeneous preparations. Mixtures of the 
three c-type cytochromes produced a broad diffuse band. 
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Fig 5.6.1 Purification of 9. £Lc/nO4/iL cytochrornes 
Cells washed with ammonium acetate buffer. 
I 
Cytochromes released from the cells by enzymatic 
digestion. 
Aiinionium sulphate added to 100 saturation and 
precipitate discarded. 
Chromatography on octyl-sepharose. Elution with 
.lOmN animonium acetate buffer ph 5.2. 
.1 
Dialysis against ammonium acetate buffer, ph 
5.2, 1Omli. 
Oxidation with fern cyanide. Adso rbtion onto 
DEAE-52 and serial elution of cytochronies c-552, 
c-551 and c-554. 
Chromatography of separated cytochrome fractions 
on Sephadex sG-50 in ammonium acetate 50r.-,M pH 5.2. 




(d) Isoelectric focusing. 	(Section 2.2.6) The 
above three assays are good at detecting contamination 
from non-cytochrome c components, but are less able to 
resolve a mixture of cytochromes. As this was the common-
est form of heterogeneity encountered, all isolates were 
assayed by isoelectric focusing gels using a pH 3.5 - 6.0 
gradient. Although the cytochrome bands could easily be 
seen without staining, the gels were also stained with 
Coomassie blue. Homogeneous cytochrome preparations 
produced single bands, and the different cytochrorne c 
components were easily resolved. 
(5.8) Yields of cytochromes 
Typical yields of c-type cytochromes per kg of wet 
weight cells were as follows, c-552 (1.1pMol), c-551 
(0.71jMol), c-554 (0.41jMol). The yield of cytochromes 
c-552 and c-551 was found to be fairly constant from 
batch to batch, yields only varying by about ±20%. In 
contrast the yield of cytochrome c-554 was extremely var-
iable, possibly because of slight variations in the 
effective aeration level in the fermenter, and a range of 
0- l.0iMol per kg wet weight cells was encountered. 
(5.9) Properties of 9. 	ch-nLoi-m.L-6 c-type cytochromes 
The spectra of the three c-type cytochrornes was 
determined as described in section 2.2.6, and the results 
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are shown in figs 5.9.1, 5.9.2, 5.9.3 and table 5.9.1. 
The isoelectric points of the cytochromes were deter-
mined from the pH 3.5 - 6.0 isoelectric focusing gel3 
(section 2.2. ). The results, an average of five separate 
experiments, were as follows, c-552 (4.75), c-551 (4.45), 
_554 (4.50). 
The molecular weights of the cytochromes were estimated 
using the 22% SDS-PAGE system (section 2.2.2) with known 
cytochrome c standards (fig 5.9.4). The values were derived 
from a standard plot of molecular weight vs the distance 
from the top of the gel to the "leading edge" of the cyto- 
chrome band (fig 5.9.5). 
The numbe' of haem groups per molecule was determined 
by the pyridine haenochrome method (section 2.2.7). The 
haem concentration was measured for a cytochrome solution 
whose molarity was independently estimated from amino acid 
analysis data. All three cytochrornes contained one haem 
per molecule. 
The midpoint oxidation-reduction potentials of the 
cytochromes were determined using the method described in 
section 2.2.8. The results are shown in figs 5.9.6 and 
5.9.7. Unfortunately the pH of the solutions used for 
measuring the potentials of the cytochromes c-551 and c-552 
was found after the experiment to be 6.2, possibly because 
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Fig 5. 9.1 Bacu- 	cA2nO ,viz4 cytochrome c-552 
Absorbtion spectra of oxidized and reduced 
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Fig 5.9.2 Baca 	c/ino/Lrnl- cytochrome c-551 
Absorbtion spectra of oxidized and reduced 
forms in 50mM potassium phosphate buffer pH 7.0 












Fig 5.9.3 Bacilui_ 	 c-554 
Absorbtion spectra of oxidized and reduced 




Table 5.9.1 	 B. 
cytochrom es 
Absorbtion Cytochrome Cytochrome Cytochrome 
peaks c-552 c-551 c-554 
alpha red. 552 	nrn 551.5 nr 554.5 	(550)nrn 
beta red. 522 522 522 
Soret ox. 410 410 410 
Soret red. 416 416 417 
delta ox. 352 351 353 
Abso rbtion 
coefficients 
(rnN 1  cm 1) * 
alpha red. 24.8 28.0 19.4 	(15.5) 
alpha ox. 7.6 8.1 7.0 
beta red. 17.8 16.6 17.6 
Soret ox. 113.0 116.0 102.0 
Soret red. 155.0 165.0 135.0 
280nrn ox. 27.9 32.8 22.6 
Absorbtion 
ratios 
280nrii/alpha red. 	1.13 1.11 	 1.13 
Soret red/alpha 6.25 5.89 6.94 
red. 
alpha red./beta 	1.39 1.69 	 1.10 	(0.88) 
red. 
554.5nm/550nn 1.25 
* Absorbtion coefficients were determined using a value 
of 29.1 raiN 1 cm' as absorbtion coefficient for the 
alpha peak of the pyridine haemochrome. Figures in 
brackets are for shoulders on the main peak. 
Fig 5.9.4 SDS-PAGE of B. gich e n i loltm i z cytochromes c-551, 





Track 	 Cytochromes 
1 /?J7. 	Cc2/?.6U1(22 	C '  
2 i?po. /2aguz.Lzi.6 	c-550 
3 R. mo-ch.anurn 	c-550 iso-i 
4 B. chenoitrni- 	c-554 
5 B. chnozrn-5 	c-551 
6 B. gichenilolmi,3 	c-552 
7 R-o. nue c-551 
8 P4. aiuigino4a c-551 
157 
Fi 5.9.5 SDS-PAGE estimation of cytochrome molecular 
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8.0 	9.0 	10.0 	11.0 
Molecular weight 
12.0 	13.0 	14.0 




Ptidornona4 	an.ugno-?a 82 8,500 
551 
i?/icdop- U  -rn Y-CRUe 92 9,800 
551 
i2hodopaurn 	rno-c/ic2nLLm 100 10,300 
550 	iso-i 
Rho dopudo;Ona-3 pcu4 114 12, 200 
550 
RhodopudOrnOfla-ó 	cap-uaLa 	' 129 13,700 
All molecular weights were taken from Dayhoff (1972 & suppi.). 
Estiiated molecular weights (molecular chain) 
BacLeu-i Cfl-O'ZIuZL-ó C_551 8,300 
3acUu- £Chno4rn4 c-552 9,400 







FiR 5.9.6 	id-point oxidation-reduction potentials 
Ordinate = Redox potential 
Abscissa = Log (cytochroine ox 	 red ) 
Al Horse heart cytochromne 
C  
B! B. 	ckeno'u4 
cytochromne c-552 
-1.0 	0 	1.0 
- Intercept is 262rnV. 
Slope of line is 59niV (pH 7.0) 
-1.0 	0 	1.0 
Intercept is 124mV. 
Slope of line is 6mV (p 
6.2 




-1.0 	0 	1.0 -1.0 	0 	1.0 
Intercept is 153 mV. 
Slope of line is 61mnV 
(pH6.2). 
Intercept is 136mnV. 
Slope of line is 58mV 
(pH 7.0). 
Fig 5.9.7 Mid-point oxidation-reduction potentials; 
alpha peak response 
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A/ Horse heart cytochrome c 
ti 
B! B. £Lc/no4rn- cytochrorne 
c-552 
3. 	c/o-'uizi 	 D/ B. 	c/ino/uii-6 
cytochrome c-551 cytochrome c-554 
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Table 5.9.2 Amino acid co E nsition of 2. 
cytochrorie c-552 
Amino 	Composition from hydrolysis 	Residues per 
acid molecule 
24h 	 96h 	 Nearest integer 
Lys 10.68 10.82 11 
:-± s 1.20 1.15 1 
Arg 1.02 1.22 1 
Asx 9.05 8.97 9 
Thr 2.89 2.86 3 
Ser 4.30 3.69 4 
Gix 14.04 13.99 14 
Pro 2.86 3.28 3 
Gly 13.93 14.20 14 
Ala 8.13 7.99 8 
Val 5.67 6.04 6 
ilet 0.30 0.41 1 
Ile 3.38 4.02 4 
Leu 5.10 4.86 5 
Tyr 2.11 1.86 2 




Compositions were calculated with reference to the SDS-
PAGE molecular weight of 9,400 (fig 5.9.5). 
Cysteine was determined as cysteic acid in a separate 
analysis (section 2.2. ). 
Tryptophan was determined by a separate MESA analysis 
(section 2.2.10). The A 2 80 	 ratio was /alpha peas 
consistent with this result (table 5.9.1). 
Table 5.9.3 	 of 3. £ i ch eni ~,"oz azi  
cytochrome c - 551 
Amino Composition from hydrolysis Residues per 
24h 96h molecule 
Nearest integer 
Lys 11.23 11.04 11 
Kis 1.07 1.12 1 
Arg 1.04 1.11 1 
Asx 9.96 10.00 10 
Thr 2.06 2.09 2 
Ser 2.80 3.10 3 
Glx 9.78 10.12 10 
Pro 4.01 3.88 4 
Gly 14.05 13.84 14 
Ala 7.01 6.76 7 
Val 5.02 4.89 5 
Met 0.61 0.51 1 
Ile 3.72 4.11 4 
Leu 2.81 3.03 3 
Tyr 2.12 1.67 2 




Compositions were calculated w ith reference to the SDS-
PAGE molecular weight of 8,300 (fig 5.9.5). 
Cysteine was not determined, but tentativel assi'ne b 
analogy with most nonohaem cytochromes. 
Tr7ptophan was not directly determined, but the A280 80 / alpha pea 
ratio (table 5.9.1) is consistent with one tryptophan residue. 
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Table 5.9.4 	A,--.-,ii - o acid cc- -, position of 2. ~ icheniZ2.11,'2i.6 
cytochrome c-554 
Amino 	Composition from hydrolysis 	Residues per 
acid 24h 	96h 	 molecule 
Nearest integer 
Lys 11.20 11.18 11 
His 1.15 1.12 1 
Arg 0 0 0 
Asx 10.91 10.80 11 
Thr 2.95 2.67 3 
Ser 7.80 7.32 8 
Gix 16.98 17.20 17 
Pro 3.16 2.97 3 
Glv 14.99 15.00 15 
Ala 11.19 11.12 11 
Val 2.72 2.80 3 
" 'et 1.48 1.59 2 
Ile 7.00 7.05 7 
Leu 5.02 4.99 5 
Tyr 1.88 2.06 2 




Compositions were calculated with reference to the SDS-
PAGE molecular weight of 10,800 (fig 5.9.5). 
Cysteine was not determined, but tentatively assigned by 
analogy with most other ronohaem cytochromes. 
Tryptophan was not directly determined, but the A280/a1pkia peak 
ratio is consistent iJth one tryptophan residue/ 
molecule (table 5.9.1). 
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Because the cytochromes have very similar properties, 
especially the molecular weight and ion exchange behaviour, 
separation of the individual cytochrome components was 
difficult. The cytochromes c-552 and c-554 were the 
easiest to purify to homogeneity, and as the cytochrome 
c-552 was obtained in greatest quantity this was used 
first for sequencing studies. The cytochrome c-551 was 
particularly susceptible to contamination, and greatcare 
wasneeded during the DEAE-52 cellulose step to obtain 
pure cytochrorne. 
It is a valid question to ask whether the cytochrome 
c-551 is an artifact produced by enzymatic cleavage of a 
few residues from the ends of the" polyp eptide chain of the 
cytochrome c-552. This was considered unlikely for the 
following reasons. 
The spectra of the two cytochromes are suffic-
iently different that it is difficult to see how removal 
of a few residues from the periphery of the molecule would 
effect such changes. A similar argument is applicable to 
the midpoint oxidation-reduction potential differences. 
Whilst the ami 	acid compositions do show 
similarity between the two cytochromes, there are some 
significant differences, particularly the isc.l€ucine/leu- 
cine ratio. 
1 
of contamination with excess ammonium sulphate during 
freeze-drying. 
Samples of the proteins were hydrolysed for 24h or 
96h and analysed on the Beckman 120C instrument. A MESA 
analysis for tryptophan was also performed on the.cyto-
chrome c-552. The amino acid compositions were calculated 
with reference to the SDS-PAGE molecular weights, and the 
results are shown in tables 5.9.2, 5.9.3 and 5.9.4. 
(5.10) Comments on the cytochrome isolation and character-
ization 
In contrast to the many Gram-negative bacteria (e.g. 
A. 	onL, section 3.1), the c-type cytochromes of B. 
chnLozmi-'3 appear to be tightly bound to the cell 
membrane. Attempts to release the cytochromes without 
recourse to enzymatic digestion were all unsatisfactory. 
Acetone powder extraction (Ambler, 1963a) produced no 
detectable cytochrome. Sonication or treatment in a French 
press released about 20% of the total enzyme solubilizable 
cytochrome c (determined spectrophotometrically). Centri-
fugation of material treated by the latter method gave a 
thin red "glassy" layer of precipitate overlying the rest 
of the cell debris. If this layer was removed and treated 
with protease the remaining 80% of the c-type cytochrome 
could be released. 
(c) If the cytochrorne c-552 was susceptible to 
protease activity during isolation it would be expected 
that a series of degradation products, detectable by iso-
electric focusing, would be produced. Instead only the 
bands reported above were seen. 
An analytical papain digest was performed (section 
2.2.11)on the samples of the two cytochromes. The digests 
were run on HVPE at pH 6. 5, and th peptide maps are shown 
in fig 5.10.1. These results we.a'e interpreted as showing 
that the cytochromes were different gene products, although 
their sequeiIces are probably related. 
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Fig 5.10.1 Analytical papain digests of B. £chenoJuni',% 
cyto chromes 
Track 1: Cytochrome c-552, 50nMol 
Track' 2: Cytochrome c-551, 50nMol 
K 























Partial secuence of BacLeuz gich en iloAin i z cytochrome c-552 
(6.1) Introduction 
The cytochrorne content in B.' ei c/inL/oizmL-6 was much 
Lower than found in A. U4-6Ofl, and despite the pro-
cessing of larg e (50 litre) cultures, insufficient protein 
could be obtained for sequencing by the standard methods. 
However enough cytochrome was obtained for analysis by 
microsequencing techniques based on HPLC and automatic 
gas phase sequencing. As time and resources were limited 
the cytochrome c-552 was selected for analysis, this being 
the major cytochrome isolated from the cells. 
(6.2) Seguenator run on whole protein 
Conditions: About 8nMol of CM-apoprotein was used. The 
methylated Pth-amino acid derivatives were analysed as 
normal except for the derivatives around the haem binding 
site (18-23), which were re-analysed after leaving for 
approximately 9 and 24h at room temperature. Unlike the 
other th-amino acid derivatives, Pth-CN-cysteine is 
labile and the peak detected by HPLC analysis at 313nrn 
characteristically disappears over a 24h period. 
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Results: A summary of the amounts of Pth-amino acid 
residues detected from each cycle is shown in Table 6.2.1. 
The deduced sequence was as shown below. 
Asn_Tr-Gly-Giy-Gln-Ala-Thr-Ala-Thr-Asp-Gly-Giu-GlU-Il e- 
1 	2 	3 	4 	5 	6 	7 	8 	9 10 11 12 13 14 
Tyr-Gln-Gln-A sn-C ys-Thr-Gly-C ys -his -Gly-Lys-A sp-Leu-Ala- 
15 16 17 18 19 20 21 22 23 24 25 26 27 28 
Gly-Gly-Ser-Ala-Pro-Ser-Leu-Lys-Glu-Val-Gly-Gly-Lys-Tyr- 
29 30 31 32 33 34 35 36 37 38 39 40 41 42 
 -- -s 
Lys-Glu 
43 44 
Some contamination was noticed in the first few resi-
dues, but most of this was seen to disappear by residue 
5. The protein then sequenced cleanly until about 
residue 40, after which assignment became more difficult. 
The run was continued until residue 51, but no useful 
information was obtained after residue 44. 
The assignment of residue 36 as lysine was poor. An 
increase of threonine was also recorded at this position, 
but was rejected on the following evidence. 
Amino acid analysis of peptide S.a.12 (residues 
14 - 47) indicates only one threonine, whih was unambig-
uously found at position 20 (section 6.3). 
Amino acid analysis of the whole protein (table 
5.9.2) indicates that the cytochrome only contains three 
RM 
Total amount of 1th-amino acio. resiaues Ipicomoles) 
MEN m NEEMENEENEEME Em 

















Total amount 01 rn-ai!'I1u ei.0 
MEN MENEEMEN NEEMENEEM mommommmmoommmommmommm 
MEN ommmmmmmomommomm  
MEMENEEMENNE _ _ -EmEmEmommmommm ___ 
__ MENE Emmmommommmm 
- 







Total amount of Pth-amino acid residues (picomoles) 




(05')  ____ 
233 426  524 Leu 
36  (l.)  244 224 
380 436 T h r 
37 277 391 202 357  393 Glu 
38  299  285 89 297  424 46 Val 
39 227 73 236 354 45 Gly 
40 395 279 109 416 (Gly) 
41 365 298 70 484 (Lys) 
42 360 264 163 486 (Tyr) 
43 272 81 582 (Lys) 
44 345 460 
(Glu) 
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Table 6.3.1 Preparative separation of B. 	c/noiuizLo 
cytochrome c-552 Staphylococôal protease 
digest 
Time 	(mm) 
0 98 2 
5 98 2 
101 50 50 
152 0 100 
See section 2.2.6 for details of solvents used. 
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Summary -of peptides: Composition and other data is 
summarized in tables 6.3.2 - 6.3.5. 
S. a. 6 
Asn-(Thr, Gly, Gly, Gin, Ala, Thr, Ala, Thr, Asp, Gly, Glu, Glu) 
1 
The N-terminal residue was found to be asparagine by 
DABITC analysis. When compared to the protein sequence 
already derived from the sequenator run the auino acid 
composition data indicates that this is the N-terminal 
peptide. 
S .a.12 
Il e-(Tyr,Gln,Gln,Asn,Cys,Thr,Gly,Cys,His,Gly , Lys , Asp , L eu  
Ala, Gly, Gly, Ser, ALa, Pro, Ser, Leu, Lys, Glu) 
Isoleucine was shown to be N-terminal by DABITC 
analysis. The amino acid composition, when compared to 
the whole protein sequence, indicates that the peptide 
contains the haem binding site. 
S .a.8 
Val - Gi y- Gl y- Ly s - T y r- Ly s - Gi u 
38 39 40 41 43 43 44 
The peptide was sequenced using the gas phase sequen-
ator. The derived sequence confirms the tentative 
175 
sequence deduced from the whole protein sequenator run for 
176 
residues 38 - 44. 
S.a.16 
Ala-Val -Ala-Lys -T rp -Leu-S er-Glu 
1' 	2' 	31 	4 1 	5' 	6' 	7' 	8' 	: cycle number 
The peptide was sequenced by the gas phase sequena-
tor. The peptide had a relatively high 280nrn absorbtion 
because of the tryptophan residue. The peptide amino 
acid analysis showed bad contamination with glycine, but 
it sequenced cleanly. 
	
S.a.13 	DABITC analysis indicated that the peptide was 
not completely pure. However a gas phase sequenator run 
was attempted. The results showed that the peptide was 
about 30-35% contaminated, but the sequenator run was 
interpreted as the following sequence. 
iajor residue from 
sequenator: 
-  - - - - - - - - - 
Lost-Lys-Ala- Ii e_Val-Val-Asn-Gly-Arg-G1yG1Y 
1' 	2' 	3' 	4' 	5' 	6' 	7' 	8' 	9' 10' 11' 	:cycle number 
The contaminating peptides were thought to be peptide 
S.a.1E, and a peptide produced by incomplete digestion 
which corresponds in sequence to S.a.6 + S.a.12 (residues 
1 - 37). 
Time 	(nn) 
Yield Gly Ala Va) Lou lie Ser Thr Asp Glu Phe Tyr Trp Cys Met Pro Lys His Arg TOT1 N—t 
Positior 
S.a.6 29.5 15 2.9(2.1/ - 
0.9 
1.92 0.8 










L.3 0.81 199 7 Val 38-44 
1.9 
1.05 
0.9i 2.013.2( 0.84 (z) 0.941921. 02 24 lie 14-37 
61.5 18 0-5f -840-9510-95 (0.311 .2: 110 
8 Ala 11-8' 
ycle A sn S er*Thr*Gln Gly Ala His AspGlu TyrVal Cys t Pro et lie Leu Phe Trp Lys Arg 
Residue 
1 0 374 7800 Val 
2 5930 20 256 
Gly 
3 5300 
 0 Gly 
4  535 0 
 39711300  Lys 
5 8370 
558 Tyr 
6 15 540 - -  9140 Lys 
7 2870 ____ 624 
Glu 
m,+i 	m,- i1i1-. -, f Pfh- minn ie - c9 residues (oicomoles) 
Cycle 
1 
Asia Ser* Gin Gly Ala 
3020 
His Asp Glu TyrIvai 
30 
Cys+ Pro Net lie Leu Phe Trp Lys Arg Residue 
-
Ala 
2 292  14 3366 
 Val 
3 3313 155 
40 Ala 
4 188 37 - - 
 243 4924  Lys 












2033597 66103 Leu 	- 
Ser 
8 2 62 419 201 76 
Glu 
Cycle Asn Se r* Thr Gin Gly Ala His Asp Glu Tyr Val Cys Pro 
Net LLeu  









116 275 454 
_ 
Ala? 
4 390 1482 337 131 
3261 127 390 lie? 
5 203 173 73 727 
84 99 335 31 Val? 
- 
6 10 (04) 


















(2.  104 
84 19 73 Arg?  
157 426 
• 	10  203 79 19  -- 
 69 110 Gly? 
11 451 ____ ____ 42 42 ____ ____ ____ ____ 
23 69 Gly? 
____ ____ 
Table 6.3.6 Purification of peptide S.a.13. 
Time (mi) 
	
0 	 98 	 2 
5 98 2 
53 	 0 	100 
For this purification solvent B was 0.1% TFA in 70% 
aqueous acetonitrile. See section 2.2. 	for details 
of solvent B. 
181 
Fig 6.3.2 Elution profile of S.a.13 separation 
-00 
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An attempt was made to purify the major peptide 
further by RPLC using a long chain acetonitrile column 
(see section 2.2.6). The gradient used, and the elution 
profile produced, are shown in table 6.3.6 and fig 6.3.2 
respectively. 
Comments on the Staphylococcus protease digest 
Unfortunately time did not permit complete analysis 
of the Staphylococcal protease digest. In addition to 
the peptides described above, the peaks labelled S.a.14, 
S.a.17 and S.a.18 were also isolated. Peptides S.a.14 
and S.a.17 required further purification as determined 
by DAEITC N-terminal analysis, and time did not permit 
further analysis of S.a.18. The peak designated as S.a.20 
was thought to be undigested protein. 
Peptides were isolated which covered the N-terminal 
sequence derived from the whole protein sequenator run, 
and in addition the tryptophan containing peptide was 
also of sufficient purity for good analysis. 
(6.4) Comments on the B. £c,noJuiz- cytochrome c-552 
partial sequence 
The derived partial sequence is shown in fig 6.4.1. 
Good agreement was obtained between the whole protein 
sequenator run and the amino acid compositions of peptides 
183 
184 
S.a.6 and S.a.12. The assignments from thesequenator 
run for positions 43 and 44 were poor, but were confirmed 
from peptide S.a.8. 
The partial sequence shows some resemblance to 
cytochrome c-551 sequences (class ID), although an N-ter-
rninal extension of 7 residues is required to obtain the 
best sequence match. In addition a deletion must be 
postulated between position 15/16 and an insertion at positions 
10 and 2,1-i 	A sequence alignment is shown in fig 6.4.2. 
The amino acid composition indicated that the cyto-
chrome contains one tryptophan residue. The alignment 
of the tryptophan in peptide S.a.16 with the con -served 
tryptophan in the other cytochrome c-551 sequences (fig 
6.4.1) seems plausible. Alignment of this peptide with 
the partially conserved Trp-64 give.s poorer results. 
Several features of the sequence alignment support 
the view that the B. LchnO ,vn''i cyto chrome: c-552 is 
a class ID cytochrome. These are enumerated below. 
(1) Sequence len gth. The SDS-PAGE and amino acid 
composition results (fig 5.9.5 & table 5.9.2) indicate 
that the sequence is 89 residues in length. This would 
agree with the alignment if the insertion/deletion pattern 
of the rest of the cytochrorne is similar to that of 
4zo.o1cic-4 vLnand4..L c-551. 
185 
Insertion/deletion. Apart from the fw inser-
tion/deletion events mentioned above, no other insertion/ 
deletions must be postulated to obtain a good sequence 
alignment of the partial sequence with the other class ID 
cytochromes. In contrast, alignment of the partial 
sequence with the cytochrorne c 2 sequences requires consid-
erably more such events. 
Amino acid residues. Whilst the B. Lc/inL-
o,mi'i cytochrome c-552 shows a greater sequence similarity 
to class ID cytochromes than any other class of (known) 
cytochromes the best specific example of sequence simi-
larity is seen at positions 41 and 42.. Here the c-552 
sequence is Lys-Tyr. This sequence is commonly found in 
cytochroraes c-551, but has not been observed in any other 
sequences. 
From the above evidence the B. 	cn!oIu1zI.1 cyto- 
chrome c-552 was thought to be a c-551 type cytochrorne. 
However the sequence does have some unusual substitutions. 
For instance, alanine is very rarely found at residue 
number 2; likewise glycine is rarely found at residue 
number 2. 
The tentative S.a.13 sequence is also compatible 
with this scheme. The location of peptide residues 2' - 
11' at positions 55 - 6.0 in the whole sequence gives a 
plausable sequence match with the other c-551 cytochromes, 
as shown in fig 6.4.2. 
	
Fi 6.4.1 Baci U u,6 	c/itnoILizi3 cytochrome c-552 partial sequence 
Sec1uenator run on whole protein 
A sn _Thr _G1 y _Gly _Glfl_Ala_Thr_A1a_Thr_A5P_G1Y_u_u_e_TYr_Gmn_n_A 5n_ 5 _T_Y_ 5 _ 5 
1 	2 	3 	4 	5 	6 	7 	8 	9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 
1I- 
S.a.6 	 S.a.12 
Whole protein 
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 
S.a.12 	 S.a.8 
• .......Ala_Mal_Ala-Lys-Trp-Leu-SerG1u. .. ... 




Fig 6.4.2 Compariso.n of 2 . . 	chnom.6 c-552 partial 
sequence and selected cytochronie c-551 sequences 
10 
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5Q 60 
B. 	eich. [K YJE 
A. 	vin. G Q A G I A D T L A A K I K A G G S G N 
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piq 
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70 
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Chapter 7 
Theamino acid sequence of the rubredoxin from Choteo-urn 
ruin 
The complete amino acid sequence of the Cho,toLLLL11z 
rubredoxin was deduced from peptides 
produced by digestion with chymotrypsin, thermolysin, 
trypsin or mild acid. In all cases the rubredoxin was 
denatured before digestion by performic acid oxidation 
(section 2.2.11). 
(7.1) Digestion with chyinotr:msin 
	
(7.1.1) Conditions: 	2.5i1,;,61 apoprotein, 0.75mg chymo- 
trypsin, 4h, 37 ° C, 0.2M ammonium acetate pH 8.5. 
(7.1.2) Separation of peptides: Figure 7.1.1 shows the 
electrophoresis map and the 254nm absorbtion trace of the 
Sephadex G-25 gel filtration. Peptide amino acid composi-
tions and sequences are shown in tables 7.1.1 and 7.1.2. 
Peptides for which further comment was thought necessary 
are shown below in order of their position in the sequence. 
(7.1.3) Summary of peptides 
C bl 2 
- - - 
Net-Gln-Lys-Tyr-Val--C ys- (Ser, Val, Cys, Gly, Tyr) 
1 	2 	3 	4 	5 	6 
RM 
Cc 5 
c 	i 	rm .c7 
30 	35 	40 	45 	50 	55 	60 	65 	70 
Cb12 



















Fig 7.1.1 Peptide map of chymotryptic digest 
30 	35 	40 	45 	50 	55 	60 	65 	70 
The peptide amino acid analysis produced a particu-
larly poor result for tyrosine (1.34), which was thought 
to be caused by a poor vacuum in the hydrolysis tzbe. 
Sequencing was by the dansyl-Edman method and residue 
6 (Dns-Cya) was identified by flat plate paper electro-
phoresis at pH 4.35. 
Ca12 
- - - - - -s - - - -k - 
Val -C ys-S er-Val -c ys-Giy-Tyr-Val-Tyr-A sp -Pro -(Ala, Asp 4 , G1y 3 , 
5 	6 	7 	8 	9 10 11 12 13 14 15 Giu, Pro 3,Ile, 
Thr,Fhe) 
The peptide was sequenced with DABITC up to residue 
15 of the protein. The peptide was also sequenced by the 
dansyl-Edman method up to residue 10, and the Dns-Cya 
derivatives at positions 6 and 9 identified by flat plate 
paper electrophoresis at pH 4.35. 
C hi 3 
Val_Tyr_Asp_Pro_Aia_ASp_Gly_GlU_PrO_A5P_A5P_Pr0IlA6P 
12 13 14 15 16 17 18 19 20 21 22 23 24 25 
(pro, G1y 2 , Thr, Phe) 
The peptide was isolated in low yield, and a poor 
result was obtained for tyrosine on amino acid hydrolysis, 
probably because of a poor vacuum in the hydrolysis tube. 
Some contamination of the peptide was also apparent from 
the hydrolysis, particularly with serine (0.26). However 
190 
the peptide sequenced well with DABITC up to position 22, 
and position 23-25 were also identified, but less well. 
Cal 4 
- - - --..b - - - - 	 - - 	 - - 
Glu_Asp_Leu_Pro_Q1uAsp_Trp_Val - CY 5_ProValY 5 J- 
31 32 33 34 35 36 37 38 39 40 41 42 43 44 
 --  - 	 - . 9. 
Asp_Lys_Asp_(Leu,Phe,Ser,G1U,Pr0,Pr0) 
45 46 47 
The peptide was strongly UV fluorescent, and hence 
was thought to contain tryptophan. The peptide sequenced 
well with DABITC, probably because it has a high propor-
tion of charged residues. Dabth-Cya was not directly 
identified, but the positions of these residues was indi-
cated by the absence of any new, strong spot. 
(7.1.4) Comments on chymotryptic digest 
It is apparent from the results that the major pep-
tides isolated from the digest were produced by incomplete 
chyrnotryptic cleavage of the protein. While no cleavage 
was expected after tryptophan-37 because of degradation of 
this residue during the performic acid oxidation, the 
apparent lack of cleavage after phenylalanine-49 was unex-
pected. Similarly no cleavage was observed after tyrosine-
13, and the cleavage after tyrosine-11, and to a lesser 
extent tyrosine-4, was incomplete. 
191 
,qhIP 7.1.1 C. thio 	12ha it ophi bLnz rubredoxin - amino acid composition of chymotryptic peptides 
Ala Val Leu lie Ser Thr Asp Giu Phe Tyr Trp Cys Met Pro Lys 





Purn Yield Giy 
c5 0.47 ..87 18 
122 D.82 0.88 1.08 4 Met 1-4 





1.31 1.880.77 oS 11 Met 1-11 
b12 .0.211.57 G6 
a12 .0.521.30 G6 32 3.80.9'Z81 ).8(o.8:0 .8: 5.20 D. 8(l. 1 1.62 1.83 3.91 1  26 Val 5-30 
b13 0.541.52 06 10 3.10.8L.]J2 ).8(0.2(0.7 5.21D.,89 0.7 
0.6 .11 19 Val 12-30 
C13 0.93 1.75 G6 2 82 108L10 
3 Glu 31-33 
G6 26 1.1 310 191 1.3 381397 87 +++ 1.79 .71L10 23 
Glu 31-53 
a14 0.77 1.29 
Peptide TOT N—t —1 —2 —3 —4 —5 —6 —7 —8 —9 Other expts. 
Cc  4 Net Gin Lys Tyr  
0c7 4 Met Glu Lys Tyr  
Cb12 11 Met Gin Lys Tyr Val Cys t  
Ca12 26 Val Cys+ Ser Val Cys Gly Tyr Val Tyr Asp 
-10 
Pro 
Cbi3 19 Val Tyr Asp Pro Ala Asp Gly Glu Pro Asp 
-10 	-11 	-12 	-13 
Asp Pro Ile* Asp* 
Cc13 3 Glu Asp Leu 
ca14 23 Glu Asp Leu Pro Glu Asp Trp Val Cys Pro 
-10 	-11 	-12 -13 -14 	-15 	-16 
Va Cys Gly Val A sp* L ys* A sp* 
Cys residues were not positively 
identified. 
* denotes substandard result 	 + identified as Dns-Cya by RVPE at pH 4.35 
194 
Peptides were isolated from all of the protein, and 
sequence results obtained for most of it. Residues 6 and 
9 were positively assigned as cysteine from dansyl-Edman 
results, but cysteine-39 and cysteine-42 could only be 
tentatively identified by DABITC results. 	 - 
(7.2) Digestion with thermolysin 
(7.2.1) Condition s: 2.5iiNol apoprotein, 0.75mg thermo 
lysin, 6h 37 ° C, 0.2N ammonium acetate pH 8.5. 
(7.2.2) Separation of peptides: Figure 7.2.1 shows the 
electrophoresis map and the 254nm absorbtion trace of the 
Sepliadex G-25 gel filtration. Peptide amino acid compo-
sitions and sequences are shown in tables 7.2.1 and 7.2.2. 
Peptides for which further comment was though necessary 
are shown below in order of their position in the sequence. 
(7.2.3) Summary of peptides 
H cl 2 
-s. -s. - - . - 
Val -C ys-S er-Val -C ys-Gly-Tyr 
5 	6 	7 	8 	9 10 11 
The peptide was isolated in low yield. The V/V0 value 
was higher than expected (1.89). The peptide was sequenced 
by both the dansyl-Edman method and DABITC. Residue posi-
tions 6 and 9 were identified as Dns-Cya on flat plate 
H c 5 
0 
 c 7 
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Fig 7.2.1 Peptide map of thermolytic digest 
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Table 7.2.1 C. 	 rubredoxin - amino acid compositions of thermolysin peptides 
Ala Val Leu Ile Ser Thr Asp Glu Phe Tyr Trp Cys Met Pro 
Lys His Arg TOT N—t Position 
ptide 
6.5 G-25 
Purn Yield Gly 	I 
'14 0.9 0.85 1.0' 4 Net 1-4 c5 0.471.87 G6 26 
c7 0 1.87 G6 10 ).i 0.97 0.8i 
0.7 1.2; 4 Met 1-4 
11.78 0.85 0.6 L82 
7 Val 5-11 
c12 -0.61 1.89 G63 9 1.23 
[a15 -0.821.50 G63 12 1.211.020.96 0.20 4.070.77 0.81 
2.79 12 Val 12-23 
[b14 -0.711.67 G63 17 82 Lii 
L18L92).880.98 0.86 9 lie 24-32 
0.18 1.02 .89 io: L.10 73 199 
8 Leu 33-40 
1b15 -0.75 1.67 G63 15 
1b12 -0.621.77 G63 8 117 188 0.22 
L70.18 
><- 
oS 2l 7 Val 41-47 
22 L02 0.95 2.160.99 0.88 
6 Leu 48-53 
1b13 -0.631.82 G63 
N—t —1 —2 —3 —4 —5 —6 —7 —8 —9 Other expts. Peptide TOT 
Rc5 4 Met Gin Lys Tyr  
Hc7 4 Met Glu Lys Tyr  
Hc12 7 Val Cys+ Ser Val C ys + Gi y* Ty r*  
Ha15 12 Val Tyr Asp Pro Ala Asp Gly Glu Pro 
p* A'°w  SID 
Hb14 9 lie Asp Pro Gly Thr Gly P e Glu A sp* 
Hb15 B Leu Pro Glu Asp Trp Val 
C ys + Pro* 
Hb12 7 Val Cys+ Gly Val Asp Lys Asp 
Hb13 6 Leu Phe Giu Pro Glu Ser 
* denotes substandard result 	+ identified as Dns-Cya by HyPE at pH 4.55 
MOR 
taper electrophoresis at pH 4.35. 
H bl 5 
-s -a - 	 - 	 - - 
Leu-Pro-Glu-Asp-Trp-Val-C ys-Pro 
33 34 35 36 37 38 39 40 
The peptide was strongly UV fluorescent. The peptide 
sequenced well with DABITC, although the final residue 
was poor. Sequencing was also carried out by the dansyl-
Edman method as far as residue 39, which was identified 
as Dns-Cya by flat plate paper electrophoresis at pH 4.35. 
Hb12 
- - - - - - - 
Val- Cy s- Gly- Val-A sp-Ly s-Asp 
41 42 43 44 45 46 47 
The amino acid analysis showed some contamination, 
but the peptide sequenced cleanly with DABITC. The pep-
tide was also sequenced up to residue 44 by the dansyl-
Edman method and residue 42 was identified as Dns-Cya by 
flat plate paper electrophoresis at p1-i 4.35. 
(7.2.4) Comments on thermolytic digest 
Peptides were isolated from all regions of the pro-
tein. As with the chyr1otryptic digest some of the peptides 
were produced by incomplete cleavage. In addition a few CD 
larger peptides were also found in very low yield, but 
199 
these were not isolated in sufficient purity for analysis 
and are not shown. 
(7.3) Nild acid digest 
(7.3.1) Conditions: 1.51jMol apoprotein dissolved in 2ml 
of 70% formic acid, 72h, 37 ° C. 
(7.3.2) Separation of peptides: Figure 7.3.1 shows the 
electrophoresis map and the 254nm absorbtion trace of the 
Sephàdex G-25 gel filtration. Peptide amino acid composi-
tion and sequence data are shown in tables 7.3.1 and 7.3.2. 
Peptides for which further comment was thought necessary 
are shown below in order of their position in the sequence. 
(7.3.3) Summary of peptides 
Fal3 
Amino acid analysis showed that this was the undigested 
protein. 
F bl 2 
M et_(Glu,Lys,Tyr 3 ,Va13,Cy52,Ser,G1Y,A5P) 
1 
The peptide amino acid analysis gave a poor result 
for tyrosine (2.55) which was thought to be caused by a 
poor vacuum in the hydrolysis tube. 
D 
D 
10 	15 	20 25 	30 	35 	40 	45 	50 
Fb12 c:D 
i II? 
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Fig 7.3.1 Peptide map of mild acid digest 
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Table 7. 3. 1 C 	 - amino acid com positions of peptides produced by mild acid diestion 
Yield Gly Ala Val Leu lie Ser Thr Asp Glu Phe Tyr Trp Cys Met 







W F 0 	1 E P 	1, 0 E I N 9L13 -0.721.00 06 33 
2.86 0.70 1.05 1.08 2.55 1890.77 120 14 Net 1-14 b12 -0.29 1.54 G6 8 1.21 
6 131103 820.78 193 
8 Pro 15-22 
c16 -0.861.70 G63 
c12 -0.591.86 G 6 31 4 0.87 1.21 
0.91 - - 3 Pro 23-25 
G6 11 2.87 13.091.71  .00 0.7204 409 176 +++L84 4061.22 
30 Pro 26-53 
b15 -0.77 1.38 
able 7.3.2 C. 	 - sequence data for peptides produced by mild acid digestion 
—2 —3 —4 —5 —6 —7 —8 —9 
Other expts. 
Peptide TOT N—t —1 
'let  Fb12 14 
Faly Glu Pro As A sp* 
Permanent yellow spot with 
ninhydrin Pc16 8 Pro Ala Asp 
Permanent yellow spot with 
ninhydrin Fc12 3 Pro lie Asp 
P Giu 
Slowly developing blue spot with 
ninhydrin Fb15 30 Pro Gly Thr Gly 
* denotes substandard result 
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Fbi 5 ___L - ---.A ___% ---% - 
Gly, Lys, Phe, Ser) 
The peptide was fluorescent under UV light. A slowly 
developing blue spot was seen with ninhydrin, which is 
caused by the reaction with the lysine -amino group. 
(7.3.4) Comments on the mild acid digest 
While under the conditions used about half the protein 
remained undigested. the aspartic acid spot, produced from 
non-specific side reaction, was weak. Peptides were iso-
lated from all the protein, although yields were low. The 
other faint bands seen on the peptide map were thought to 
be caused by products arising from non-specific cleavage 
and deamidation. 
(7.4) Digestion with trypsin 
(7.4.1) Conditions: 1.0iMol apoprotein, 0.30mg trypsin, 
4h, 37 ° C, 0.2I ammonium acetate pH 8.5. 
(7.4.2) Separation of peptides: The aim of this digest 
was to isolate the C-terminal peptide, and the digestion 
mixture was separated by HyPE at pH 6.5. (fig 7.4.1). 
Peptide amino acid compositions and sequence data are shown 
in tables 7.4.1 and 7.4.2. Both the N-terminal and C-ter-






















Fig 7.4.1 Peptide map of tryptic digest 
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Table 7.4.1 C 	/iLo 	p/icn.ophL.-i2rn - amino acid compositions-of Lpepti
des 	 ~,y_j.Eyptic  
lie Ser Thr Asp I Glu Phe Tyr Trp Cys Met Pro Lys His Arg 






Purn Yield Gly Ala Val Leu I 
0.93 0.77 L07 3 Net 1-3 
1 4 0.51 - 6 34 
1 1.10 1 0.81 0.90 3 Met 1-3 1 7 0.0 - 6 10 
Q.8 0.78 l( 10 0.89 0.99 
7 Asp 47 - 53 
-0.71 - 6 22 
LO/11 -0.79 - - - Wii 0 1 E P 
0 T E I N CORE 
Table 7.4.2 C. thLou12ha2.OphLUm - sequence uai.a ior i- ypti 	P r~ pu-Lu uq  
N—t —1 —2 —3 —4 —5 —6 —7 —8 —9 
Other expts. 
Peptide TOT 
T4 3 Met Gin Lys  
T7 3 Met Glu Lys  
T9 7 Asp Leu Phe Glu Pro Glu Ser 
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undigested protein (peptide Tb/h) was ignored. 
(7.5) Evidence for amide assignments 
Gln-2 	DABITC results in peptides Cc5, Cc12 and Rc5. 
Mobilities of peptides Cc5 (0.47) and Hc5 (0.47). 
Lower yields of peptides containing Glu at this 
residue position were also isolated from all 
enzymatic digests. See section 7.6 for a full 
discussion. 
Asp-14 	DABITC results from peptides Cal2, Cb13 and Ha15. 
Asp-17 
Gb u -19 	
DABITC results from peptides Cb13 and Ha15. 
Asp-21 
Asp-22 
Asp-25 	DABITC results from peptides Hb14 and Cb13. 
Glu-31 	DABITC results from peptides Cc13 and Ca14. The 
Asp-32 	mobility of peptide Cc13 (-0.93) also indicates 
that both residues are present as the acids. 
Glu-35 	
DABITC results from peptides Ca14 and Hb15. 
Asp -36 
Asp-45 	DABITC results from. peptide Hb12. The mobility of 
Asp-47 	Hbl2 (-0.62) is also consistent with this interpre- 
tation. 
WE 
Glu-50 	DABITC results from peptides i -ib13 and T9. The 
Glu-52 	mobilities of peptides }-1b13 (-0.63) and T9 (-0.71) 
are also consistent with this interpretation. 
(7.6) Comments on the rubredoxin sequence 
The rubredoxin was sequenced mainly from chymotrypsin 
and thermolysin digests, supplemented by peptides from 
trypsin and mild acid digests. The amino acid sequence 
and peptide alignments are shown in fig 7.6.1. All the 
amino acid positions, except Cys-39 and Cys-42, were 
positively identified in at least two different peptides. 
The two exceptions were identified in only one peptide 
each, although these were well supported from homology 
considerations (see below, and table 7.6.2). The sequence-
derived amino acid composition is in good agreement with 
the composition from acid hydrolysis (table 7.6.1). 
Low yields of N-terminal peptides containing glu-
taniic acid (instead of glutamine) at position 2 were iso-
lated in all the enzymatic digests. The:consistency of 
these findings suggests that the deamidation event did not 
occur during the digestions, but instead a deamidated 
species was present in the rubredoxin isolate. This was 
confirmed by running the isolate on an isoelectric 
focusing gel (pH range 3-10). The rubredoxin was resolved 
as a close pair of bands, whibh ran too near the anode 
for accurate ph measurements to be taken. The band nearest 
the anode (i.e. more acidic) was about one quarter the 
intensity of the other band, and presumably corresponds 
to the dearnidated rubredoxin. 
From the data available the possibility that the 
minor rubredoxin species is a separate gene product 
cannot be refuted. However it was considered more likely 
to be an artefact produced by deamidation of the major 
rubredoxin species because no other heterogeneity was 
observed during sequencing. 
A comparison of the C. 	 rubredoxin 
sequence with the other known sequences (except P. otov-
o,an-) is shown in fig 7.6.2. The sequences show a high 
degree of conservation, 17 positions being invariant in 
all the sequences so far examined and a further 12 posi 
tions being invariant in five out of six cases. Most 
substitutions are conservative; e.g. threDnine/serine at 
position 7, and isoleucine/leucine/va]-ifle at position 33. 
The most variable region is the C-terminal, although 
positions 25, 29 and 48 also show considerable variation. 
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Table 7.6.1 Amino acid composition of Cho4o4rn ih i o- 
ju ~phatophi Lurn rubredo xin  
Amino Composition from hydrolysis 
Composition 
acid 24h 96h 
from sequence 





Asp 8.80 8.84 9 
Thr 1.12 1.00 1 
Ser 1.89 1.77 2 
Glu 6.15 5.76 
6 
Pro 7.12 7.21 
7 
Gly 5.04 5.17 5 
Ala 1.13 1.04 
1 
Val 5.87 6.00 
6 
Net 0.94 0.95 
1 
Ile 1.07 1.14 
1 
Leu 2.18 2.07 
2 
Tyr 2.89 2.85 3 
Phe 2.00 1.98 
2 
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Fig 7.6.2 Rubredoxin sequences 
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Chapter 8 
Inferrigre1ationships fro m protein sequences 
(8.1) Introduction 
The hypothesis that protein sequences contain evolu-
tionary information was made soon after homologous protein 
sequences first became available (Crick, 1958; Anfinsen, 
1959; Zuckerkandl & Pauling, 1965). Protein (or nucleic 
acid) sequence data differs from most biological data in 
that it is "digital" rather than "analogue" in nature 
(Ambler, 1976), and consequently sequence relationships 
are well suited for analysis by numerical methods. The 
use of protein sequences for phylogenetic analysis has 
been extensively reviewed (Sneath, 1974; Peacock, 1981; 
Felsenstein, 1982), and so this introduction will be 
confined to a brief survey of the theoretical and practical 
problems associated with the deduction of phylogenetic 
information from data of this type. 
(8.1.1) The Data Set 
All the analytical methods described in this chapter 
use a data set consisting of aligned protein sequences. 
The validity of the data set is an important factor in 
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determining the confidence that can be placed in any anal-
ysis, and some of the problems associated with compiling 
the data set will be discussed in this section. 
(8.1.1.1) Choice of proteins 
To reconstruct a phylogeny it is essential that the 
proteins under consideration are homologous (i.e. share 
a common ancestral gene) and not analogous (i.e. have no 
common ancestral gene, any similarity having arisen by 
convergent evolution). A classical example of analogous 
proteins was observed with avian lysozyrnes, where two 
distinct types of enzyme are produced with very different 
molecular weights and primary structures. The two types 
are antigenically distinct (Prager i ar., 1974). hen 
egg white lysozyme and duck lysozyrne are of different 
types, thus producing misleading results when used for 
immunological phylogenetic studies (Arnheim & Steller, 
1970). 
DNA sequencing techniques have highlighted the com-
plexity of the eukaryotic genome, and assumptions prey-
iouly made about the history of genes used for phylogen-
etic studies may now be difficult to justify. For 
instance, the history of gene duplication in the globin 
family deduced from amino acid sequence data (Dayhoff, 
1972), must be seriously revised now that DNA sequence 
data is available for the mammalian globin gene clusters 
(Jeffreys, 1982). The globin genes show concerted evolu-
tion, which may occur where genes arising by ancestral 
gene duplication do not diverge in sequence independently 
215 
216 
but maintain similarity by repeated recombination events. 
Many eukaryotic genes occur in multigene families, 
and the control of functional genes may be tissue or 
development specific. Hennig (1975) showed the presence 
of a tissue specific cytochrome c in mouse testis at about 
the same concentration as "normal" cytochrorne c. The two 
isoenzymes differ by 13 residues out of 104, which is of 
a similar order to the mouse/insect dissimilarity. Yamanaka 
a. (1980)  found a larval specific cytochrome c in the 
house fly that differs from the adult form by five resi-
dues. Scarpulla 	a. (1981) showed that the rat genome 
contains 20-30 different DNA sequences which will hybridize 
with the rat cytochrome c gene at high stringency. The 
control of genes may alter during evolution, and Ambler 
(1984) has suggested that the anomalous position of 
rattlesnake cytochrome c on phylogenetic trees (Dayhoff, 
1972) has been caused by both a wrong amino acid sequence 
(since redetermined) and the protein being coded for by 
a paralogous gene. 
The bacterial genome is smaller and more simply 
organized than the eukaryotic genome. Repeated sequences 
have been found in the genomes of two halobacteriurn species 
(Sapienza & Ford-Doolittle, 1982), but this type of organ-
isation in prokaryotes is extremely rare. However if 
lateral gene transfer (section 1.4) does occur to any 
significant extent in the sequences used for analysis this 
would seriously distort any tree built. 
The data set may also contain errors caused by mis-
takes in the reported amino acid sequences. Ambler et a. 
(1981b) detected five errors in the reported sequence of 
Pa.zacoccu.o dnzL/Lcan'3 cytochrome c-550 (Timkovich & 
Dickerson, 1976), despite apparent confirmation of the 
original sequence by X-ray crystallography. Gross errors 
can also occur. When the D. vuga'.Li cytochrome c-553 was 
sequenced by Nakano 	. a. (1983) the sequence proposed 
by Bruschi & Le Gall (1972) for the cytochrome c-553 of a 
closely related strain of B. Diga1-o was found to be 
seriously in error because of wrong ordering of CNBr 
peptides. 
(8.1.1.2) Aliging protein sequences 
Before a set of sequences can be used for any type 
of relationship analysis it is necessary to match the 
sequences to find regions of maximum homology and to 
establish the positions of any insertion/deletion events. 
In many cases alignment can easily be done by eye, espec-
ially where a number of sequences are known and the 
positions of conserved residues has been established. 
Greater confidence can be achieved if a tertiary structure 
is available, and in some cases where crystallographic 
analysis has been performed alignment is possible between 
sequences where similarity would not be recognised on the 
217 
218 
basis of the primary structure alone. For instance, 
the trypsin-like rotease B from S 	pornyc5 9iu'3u' 
possesses only 186 residues as compared to 234 in chyrno-
trypsin. X-ray diffraction analysis showed that the chain 
fold of Protease B closely resembles the chain f.thld of 
chyrnotrypsin (Delbaere et ci&, 1975). By using the ter-
tiary structures to refine the alignment of the primary 
sequences it was shown that only 13% of the residues are 
identical. Such distant homology would not be recognised 
on the basis of primary/Sequence on1y. As it seems that  
tertiary structures are more conserved in evolution than 
primary structures similarity in protein fold may allow 
relationships to be established over large evolutioary 
distances. However, in the present state of knowledge 
about the precise physio-chemical factors governing chain 
folding, convergent evolution would be difficult to dis-
tinguish from divergent evolution. 
Several methods have been proposed for matching 
sequences with the aid of computers. Early work to detect 
homology was done by Fitch (1966, 1969, 1970a, b), but 
the methods of Needleman & Wunsch (1976) and Sellers (1974, 
1980) allow better detection and positioning of insertion/ 
deletion events. 
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(8.1.2) Inferring evolutionary trees 
(8.1.2.1) Information content of the Data Set 
Unfortunately there is as yet no generally applicable 
algorithm that can guarantee to find the most probable 
evolutionary tree for any given set of data. The diffi-
culty of deducing such an algorithm is caused by the 
effect of two major distorting factors which may be present 
in the data set. These are parallelism and variation in 
the accepted mutation rate, and they will be considered 
below. 
(a) Parallelism. If we consider two proteins derived 
from a common ancestor, parallelism may be defined as 
mutational events such that the same character occurs at 
a position where previously the proteins had different 
characters. The net effect of these mutational events 
is to increase the apparent similarity of the two sequences. 
The amount of parallel mutation in observed sequence data 
is difficult to estimate reliably, however even the bet 
(i.e. lowest) estimates indicate that it may be at least 
as common as divergent events in some data sets (Peacock, 
1981). To a first approximation it appears that the 
degree of parallelism in a data set increases with increas-
ing divergence between sequences. 
(b) The molecular clock. All methods for deducing 
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evolutionary trees assume the existence of some correla-
tion between increasing sequence dissimilarity in a pair 
of proteins, and the amount of elapsed time since diver-
gence of the genes. The possibility that macromolecules 
are evolving at rates constant enough to serve as molecu-
lar clocks was first suggested by Zuckerkandl and Pauling 
(1965). The rate of evolution has been found to be 
different in different proteins, presumably because of 
the stringency of the structure/function constraints. For 
instance, histone IV has a very low mutation rate as 
compared to that for the hypervariable region of ribonu-
clease (Barnard ei at., 1972), which is about a thousand 
times greater. Hence it is important to be as confident 
as possible that the function and environment of proteins 
used as molecular clocks has remained constant. 
The accuracy and reliability of the molecular clock 
has been the source of considerable debate. Fitch (1976) 
proposed from accumulated evidence for a number, of pro-
teins that the variance in the molecular clock was about 
twice that expected in a strictly stochastic clock, such 
as that for radioactive decay. However Goodman (Goodman 
e ar., 1975; Goodman 1981a, b) has argued for consider- 
able variation in the rate of evolution in the vertebrates. 
As no fossil evidence is available for the evlutionary 
history of prokaryotes the use of an assumed molecular 
clock for constructing prokaryotic phylogenies must be 
treated with a considerable degree of caution. 
(8.1.2.2) Countina mutations 
A problem common to all methods of building trees 
from protein sequences, and also with computer sequence 
alignment techniques, is assigning a value for change 
between amino acid residues. The simplest solution is 
to count all substitutions as of equal value (Dayhoff & 
Eck, 1966). A further refinment is to assign a value for 
mutation based on the minimum nucleotide distance, e.g. 
• valine to lèucine mutation would have a value of 1, while 
• rnethionine to tyrosir4e mutation would .have a value of 
3. The latter system is the most commonly used one (Fitch, 
1966). Unfortunately it is not clear in either system 
what value to assign to an insertion/deletion event. An 
equivalent value of 3 nucleotide substitutions is a 
common solution, but as this is an arbitary figure it is 
advisable to consider distortion caused by insertion/ 
deletion events when considering possible alternate trees. 
An alternate approach would be to employ inter-amino 
acid substitution values based on the observed relative 
rate of amino acid residue substitution (Dayhoff, 1972). 
While the overall theoretical justification for using 
this method is perhaps as good as the former methods, the 
limited amount of data from which the only available table 
was compiled, and hence the low accuracy, has meant that 
it is rarely used. 
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(8.1.2.3) Parsimony methods 
Parsimony methods aim to find the tree in which the 
number of parallel and reverse state character changes 
are kept to the minimum required to account for the pres-
ently observed character states in all the data set. 
While at first sight this would appear to make good bio-
logical sense, there is some doubt as to the justifica-
tion of the method. Theoretical arguments for the use 
of parsimony methods rest on either Occans Razor or on 
statistical probability. 
Appeals to Occams Razor imply that the number of 
extra steps required is a direct measure of the economy 
of the hypothesis (Wiley, 1975). Criticism o.f this has 
been based on the position that it is by no means certain 
that the equation of extra steps with extra hypotheses 
is valid. The position is as yet unresolved (Felsenstein, 
1982). 
Alternatively parsimony has been justified on the 
grounds that it gives the statistically most probable 
tree (Farris, 1973, 1977a; Felsenstein, 1973b). This 
hypothesis has been shown to break down in some cases 
(Felsenstein, 1978b), for instance where evolutionary 
rates in different lineages were "unequal and not small", 
and Felsenstein (1982) asserts that this is the case in 
most data sets. 
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The problem of finding the most parsimonious tree 
from a set of sequences can be viewed as having two parts. 
Firstly, to find the minimum number of character changes 
in a given tree, and secondly, to find the tree with the 
smallest number of state changes. The first problem was 
solved by Fitch (1971), but the second as yet has no 
solution other than searching all possible trees. As the 
number of different tree topologies becomes rapidly large 
with increasing number of species in the data set (10 2 
for 20 species), a total tree search is not possible for 
more than a dozen or so species. However, while there is 
no algorithm that guarentees to find the shortest tree 
without a full search, several methods have been proposed 
that make it probable that such a tree will be found 
(Dayhoff & Eck, 1966; Dayhoff, 1972; Farris, 1970; Farris 
ag., 1970). All these procedures involve breaking the 
tree at different branch points while it is being built 
and seeing if a shorter tree can be found. The topology 
of the final tree found by the program may be partially 
dependent upon the order in which the species were added 
to the tree, and usually several runs of the program are 
required, using different addition orders, to find the 
minimum length tree. 
(8.1.2.4) Compatibility methods 
Compatibility methods attempt to find the phylogeny 
that has the maximum number of characters compatible with 
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it (i.e. cliques where no back mutation or parallel events 
are required in the tree). A method of testing bistate 
character sets was proposed by Le Quesne (1969) and was 
later extended to multistate characters sets for use with 
amino acid data (Sneath e.. ar., 1975; Eastabrook & Landrum, 
1975). The strategy for deriving a phylogenetic tree using 
these methods is to examine the data set for the largest 
clique(s) of compatible characters, and then to define the 
tree using these characters. Parts of the tree where 
species are not separated may be further defined by 
repeating the procedure for limited segments of the tree. 
Compatibility methods are very .closely related to 
parsimony methods and many of the criticisms applied to 
parsimony methods are also valid here (Felsenstein, 1982). 
(8.1.2.5) Phenetic methods 
Relationships constructed on the basis of overall 
similarity are phenetic. Such phenograms do not nece-
ssarily reflect the "true" ancestral tree, but under some 
conditions they have been used as a guide to possible 
phylogenetic relationships. 
There are two approaches to deriving dendrograms by 
phenetic methods. These are based either on the Unwéighted 
Pair Group Method with Averages (IJPGMA) of Sokal & Michener 
(1958), or the (closely related) paitwise method of Fitch 
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Margoliash (1967). Both methods successively group 
species, or species clusters, on the basis of smallest 
average differences between species. The goodness of 
fit may be estimated on the basis of how well a distance 
matrix reconstructed from the tree fits the original 
distance matrix. UPGMA usually only selects one tree, 
but pairwise methods can be implemented to select alter-
nate species pairings. 
(8.1.2.6) Statistical methods 
The observation that all the above methods of tree 
construction may fail to give the statistically most 
probable tree has led to some attempts to develop a maxi-
mum likelihood algorithm (Neyman, 1971; Felsenstein, 1981). 
Unfortunately so far no practical method has been developed. 
(8.1.2.7) Some practical considerations 
The calculation time required to construct the tree, 
and the ability of the method employed to derive the 
correct tree despite perturbing factors in the data set 
(robustness), are the major considerations when deciding 
what method to use for building a tree. 
Phenetic methods, which construct only one or a few 
trees, are the fastest and can handle quite large data 
sets (i.e. up to several hundred species). Unfortunately 
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phenetic methods are known to be particularly susceptible 
to the effects of non-uniform mutation rates and parallel 
mutations in the data set. However the less rigorous 
the interpretation required, the more robust the method 
becomes (Colless, 1970). The effect of distorting factors 
in the data set means that, like all methods, more faith 
may be placed in close relationships than distant pairings. 
Compatibility methods also usually only choose a 
single tree. Unfortunately with larger or more diverse 
data sets several small cliques of similar size are pro-
duced. Although statistical methods for choosing between 
these have been proposed (Estabrook, 1979), the method is 
of limited value with such data sets. 
Methods based on parsimony, which construct large 
numbers of topologies, make greater demands on computer 
time. Total parsimony searches, even with the limitations 
proposed by Fitch (1977), are not feasible for more than 
about 16 sequences. Other parsimony methods can deal with 
larger data sets, but are still limited in practise to 
about 30 species. On an ICL 2900 computer the protein 
parsimony program developed by Felsenstein (section 8.2.5) 
takes about 120 minutes of CPU time to derive a tree for 
21 species, each containing about 150 characters. As 
repeated input is required, the total time needed may be 
in the order of days. Phylogenetic methods are more 
robust than ph;netic ones, but even so under some conditions, 
such as where the number of parallel mutations in a data 
set exceeds that for informative changes, are unreliable 
(Felsenstein, 1978). 
(8.1.3) Ordination methods 
Ordination methods have been used extensively in 
numerical taxonomy (see Sneath & Sokal, 1973), and also, 
though less frequently, for comparison of protein compo-
sitions. Ordination methods differ in detail, but the 
principal of calculation is the same in all cases. A 
data matrix is used to specify coordinates in a multi-
dimensional space (for instance in a 3 x 3 matrix each of 
the 3 rows can be thought of as x, y, z coordinates in 
three dimensional space). The multi-dimensional plot is 
then analysed so as to find the best representation in a 
lower (usually 2 or 3) dimensional) space. The resulting 
analysis can then be visually examined for relationships 
in conjunction with some form of cluster analysis. In 
numerical taxonomy ordination methods have been regarded 
as being complimentary to cluster analysis in that they 
tend to be good at depicting distant relationships, but 
poor with close neighbours (Röhlf, 1968). 
Application of ordination methods to protein analysis 
has so far been limited to use with amino acid composition 
data. Ohnishi (1978) and Nishikawa (Nishikawa & Ooi, 1982; 
Nishikawa et aL,1983a, b) both used ordination analysis 
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of an 18 dimensional space where each axis represented the 
relative composition of one amino acid type (aspartate/ 
asparagine and glutamate/glutamine each being treated as 
one species). 
(8.2) 	Nethods used for computer analysis of protein 
sequences 
(8.2.1) Comting facilities 
All programs were run on the ICL 2900 series computer 
available through the Edinburgh Regional Computer Centre 
(ERCC). Packages used were mounted by the Program Library 
Unit of ERCC. All programs were written as required, 
except for the protein parsimony program t 1 PROTPARS" which 
was made available from the "P}{YLIP" package of programs 
by Dr. J. Felsenstein (Dept of Genetics, University of 
Washington, Seattle, Washington State U.S.A.). 
(8.2.2) Sequence alignment 
Cytochrome c sequences were aligned using the scheme 
of Dayhoff (1972). Details of the sequences used in 
different calculations are given below. 
(8.2.3) UPGNA analysis 
UPGMA analysis was performed using the statistical 
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routines available in the "GENSTAT" statistical package 
(version 2.04). Scoring was as follows. All amino acid 
residue matches were counted as a score of 1, all mis-
matches as 0, and all null (i.e. deletion/deletion) matches 
as P. 
The program run calculated a n x n similarity 
matrix for the n sequences input. This matrix was then 
used for average linking cluster analysis to construct 
the UPGMA dendrogram, Run times were of the order of 
15s CPU time for a 30 species tree. 
(8.2.4) Ordination methods 
Principal coordinate analysis (PCO) was performed in 
the same GENSTAT program as that used to calculate the 
UPONA dendrogram. The same similarity matrix was used 
for both analyses. The first three principal coordinates 
were plotted using the graphics program "TFREDA", which 
was run with the "GINO" graphics package (GINO-F, Cambridge 
Design Centre, ERCC FLU release 2.6). 
Plots were examined in conjunction with the UPGNA analysis 
described above. 
(8.2.5) Parsimony methods 
The protein parsimony program "PROTPARS" was used. 
Scoring was by the minimum nucleotide substitution method 
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(Fitch, 1966), null matches were scored as 3, as was 
alignment of an amino acid residue with a deletion. The 
program uses a modified form of the Wagner parsimony 
search (Farris, 1970). A tree is initially constructed 
using the first three sequences in the data set, and this 
tree is then extended by serial addition of the remaining 
sequences. After each addition the program outputs the 
following information, (a) the topology of the most pars-
imonious tree found, (b) the number of minimum nucleotide 
substitutions required to build this tree (i.e. its length) 
and (c) the number of minimum nucleotide substitutions 
required at each residue position (e.g. (b) is the sum of 
(c) for all residues). All trees produced are rootless. 
Unfortunately the program does not produce any direct 
information about the lengths of individual branches in 
the dendrogram, although some idea about relative lengths 
can be inferred from the other input and output information. 
In addition the program will also calculate the 
minimum length of a tree, the topology of which is 
specified on input. This allows some exploration of the 
effects of different branching topologies on the length 
of the tree. 
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(8.3) 	Results of analyses - 	ua3pL-'.LUurni-tezzonii  
(8.3.1) Sequences co-analysed and sequence alignment 
As stated above (section 4.6 	), the A. 	it-ioni 
cytochrome c-550 sequence aligns most closely with the 
cytochrome c 2 from R-o. Jw'Lurn and t?i. phoLom/LIcurn, and 
the alignment shown in fig 4.5 	was used for all analy- 
ses. The data set used for the calcu Lations contained 21 
sequences (table 8.3.1), all of which belong to either 
sequence class IA or lB. 
(8.3.2) UPG?1A analysis 
The similarity matrix shown in table 8.3.2 was cal-
culated from the data set, and this matrix was used to 
obtain the UPGMA dendrograrn shown in fig 8.3.1. 
(8.3.3) Principal Coordinate analysis 
The siDilarity matrix calculated during the UPGMA 
analysis was used for Principal Coordinate analysis. The 
plot of the first three coordinates is shown in figs 	- 
8.3.4. The first, second and third dimensions respectively 
contain 12.8%, 10.4% and 7.37o of the total information 
content. Hence the plot contains 30.5% of the total 
information contained in the similarity matrix. This 
total is enough to be reasonably confident that the fig- 
ure does not contain any gross distortions of the sequence 
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relationships, but the plot was examined in conjunction 
with the similarity matrix and the UPGNA analysis. 
(8.3.4) Parsimony analysis 
With the full 21 sequence data set about 120min of 
CPU time was required for a single run of the program. 
Sixteen separate runs of the -.program were made using 
different sequence input orders. In addition a further 
six groups of program runs were made, each comprising 
6-8 analyses of a smaller number of sequences. The sequence 
groups were chosen so as to correspond roughly to the 
clusters of sequences derived from UPGMA/PCO analysis. 
Finally extensive use was made of the user derived 
tree input option so as to investigate the differences 
in length of closely related topologies. Selected 
topologies for the whole data set are shown in figs 8.3.5-
8.3.9. Fig 8.3.10 shows several different topologies 
for the "I.6. zuIULi1z " cluster. 
(8.3.5) Comments on the quap 	urn L 
enzonii analyses 
In this section comments will be restricted to the 
numerical and topological results of the analyses, and 
their biological implications will be discussed futher 
below (Chapter 9 ). 
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Table 8.3.1 Sequences used in the 11 4. 	ioonLL" data set 
All sequences are from Class I cytochromes. 
Organism Abbreviation Pen colour 




n/co 	oia ç.Le 
I, 
No'pota 	ciza-o-oa N.c4a 
H 
C4L/ic1La oncopi C.onc 
£ugeJia 	gitacLL-o E.giza " 
71La/yiiZJ1C2 	pyLO/L1i2L6 /.pyJZ 
it 
vanneLL Rnz.va Blue 
,?hodopdornOna 	vLd R.vL 
H 
R/iodpudornonC25 accJop/iUa R.aci " 
iRhodopudornOnC2'3 	gOOi1uzL-ó R.geo 
11 
iRhodopiudomona 	axqn /?.4a 
11 
/hodop Uh 	iuiuLrn P.'tu Green 
iRhodop-um phoorn_zLcurn ,.p/i 
It 
Aqap U1fl 	i-Lezzonii 4. iLe 
It 
iR/ioc1opiudornona 	12a9zutjziz R pag 
Blue 
iRhoopoudornona'5 	phaodea R.-3pa 
RhodopudornOna3 	capLLa2CA i?.cap 
?aiacoccu4 dnLiILLiLcan6 P.den 
11 
IRhodo-pLurn 	uVLLm 
RhocJo-pLgain rnoJoc/ianurn 	iso-i R.o.ml 
R/iodop/LULL1n nzoeizchianum iso-2 i?.rn2 
Table 8.3.2 Similarity matrix for mitochondrial cytochrome c's and bacterial cytochrome c 2 's 
Human 
 çn/co 	Lioa 60.2 
 Nu,zopoz.a 	cia-a 62.8 54.0 
 C/Li/ldLa oncopL 53.8 53.3 44.2 
5. Euggena 	gizacLL'.s 47.4 43.4 49.6 49.6. 
 7Ja/iyrnna pyziPovniz 39.1 40.4 37.9 42.5 43.4 
 R/iodorn,c,.oL?..Lurn 	vannieeii 47.6 45.4 44.2 43.8 43.0 40.0 
 R/iodop..iudornona.o 	viidL'i 47.2 42.0 44.8 41.7 45.8 37.0 51.9 
 I?hodopsudornona'3 	acLcJo/?hL.a 41.7 42.3 40.0 41.7 38.5 40.7 55.1 56.5 
 ThodoipLiLUurn 	uvum 41.5 39.4 34.8 39.4 35.1 35.1 45.3 40.4 39.4 
 i2/iodop.Uim rno.L-6c/iLanurn 1 38.7 37.6 32.2 41.3 35.1 36.8 47.2 39.4 41.3 88.0 
 iR/iodopiLUurn moU'c/iLanurn 2 37.5 38.3 37.2 42.2 36.6 36.6 52.9 43.9 45.8 65.0 
 RhodopL'u.Furn 	iwAZizurn 33.6 33.1 33.1 31.3 36.6 30.6 36.5 32.8 35.6 33.0 
 iiodop i zi 9 gain photoinztzi 38,8 37.3 38.7 33.0 35.0 30.6 34.5 34.2 33.6 33.6 
 R/iodopiudornona'3 12czui/i'3 29.8 28.2 28.5 32.8 34.9 27.9 38.8 37.9 34 , 7 30.3 
 Rhodopudornona- 	'312ha4oLde..-6 29.4 28.1 30.3 27.0 26.1 28.9 29.6 29.7 37.0 26.8 
 Rhodopzeudoiaonaz cap4ueaa 31.1 24.8 27.5 26.7 29.8 27.5 30.3 32.8 28.0 30.6 
 i?hodopoitdonzona-o 	goLo4rnLi3 43.1 40.7 42.1 48.6 50.4 36.6 43.1 41.6 42.0 34.3 
 R/iodopudornona-3 	oaPxLqn4 29.5 32.2 26.9 37.8 27.3 29.8 33.0 36.0 32.7 31.5 
 Paiacoccu4 dnL'.LIcan-i 28.4 25.7 27.1 23.1 26.1 23.8 28.6 29.3 30.1 25.2 
 /lquaopLiiLtarn Leiz'ionU 35.7 33.1 32.3 28.9 38.2 26.6 35.7 33.1 33.9 32.5 
1 2 3 4 5 6 7 8 9 10 




 33.0 35.4 
 36.2 37.7 56.6 
 31.9 35.9 38.1 37.8 
 26.8 28.0 40.3 35.2 33.1 
 28.9 30.3 41.7 33.9 42.7 50.0 
 37.0 37.7 30.5 31.4 31.7 36.4 25.6 
 31.5 32.4 28.5 26.8 25.8 28.2 26.4 32.2 
 25.2 25.6 34.8 30.1 33.3 35.7 41.7 24.1 	23.7 
 32.5 34.8 50.9 45.1 41.0 38.7 42.9 31.4 	26.0 	33.3 
11 12 13 14 15 16 17 18 	19 	20 
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Fig 8.3.1 TJPGMA denrogram of selected cytochrome c sequences 
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Fig 8.3.3 	Principal Coordinate analysis (II) 
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R-. rnoL-ichanurn iso-i 
R-3. inogizchianun iso-2 
Rp-. -axLgen-i 
i?-. 7UUFiZ 





Paqacocca-a dri i/ ,L can 
Minimum tree length = 1190 steps 
The figure shows the topology of the most parsimonious tree 
found. The topology of this dendrogram only differs from 
that of the UPGMA dendrogram (fig 8.3.1) in the position of 
the Rp-o. -aLe.xgn-a branch. 













fVu/Lo-spoILa CJW ,36U 
£UgJ1a g4XLcL4 
oncopL 









Minimum tree ienth = 1201 steps 
The topology of this dendrogram is identical to that of the 
UPGMA dendrogram (fig 8.3.1). The tree isoniy slightly 
longer (11 steps) than the most parsimonious tree (fig 8.3.5). 























Paiwzco cc&-5 cLei2 can-6 
) 
Minimum tree length = 1225 steps 
This figure shows the effect on minimum tree length of 
postulating a slightly different derivation of the "Th. 
.zuL,Lurn tt group. The tree is 35 steps longer than the most 
parsimonious tree (fig 8.3.5). 
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Minimum tree length = 1214 steps 
This dendrogram differs from the most parsimonious tree (fig 
8.3.5) in that the R126. ggogi4oAmiz is placed in the most 
parsimonious position among the bacterial cytochromes. The 
tree is 24 steps longer than the most parsimonious tree. 
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R-. mo -chcinirn iso-i 
/?4. mo4c/anum iso-2 
R12.6 . axign 
. fuIiItum 




R I? -3. cCLp-uIc2a 
Paizacoccu dp caa.o 
Minimum tree length = 1204 steps 
The topology shown in this figure differs from the most 
parsimonious tree in that the "Em.. vannizgiill group clusters 
just with the "Eukayotes". The tree is 14 st.eps longer than 
the most parsimonious tree. 
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Ro. phOLOrn2/-.fCU 1fl 
A. 	zooniL 
Rpo. pau-324I-ó 












Minimum tree length = 216 steps 
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Apart from Rp-o. za x i gen,6,.which does not closely 
group with any other cluster, the UPGIA dendrogram (fig 
8.3.1) splits into two major clusters at about the 30% 
similarity level. The larger of these clusters consists 
of sequences which resemble mitochondrial cytochrome c 
in that few internal insertion/deletion events are required 
to align the sequences (i.e. class lB cytochrornes). The 
smaller group contains sequences where a few larger inser-
tions are required for alignment (i.e. class IA cytochromes). 
Both these two major clusters split into several 
subclusters between the 40% and 50% similarity levels. 
The following groups may be discerned: a "ukaryotict' 
group of sequences 1-6 & 18; a "irn. v ann Le eLtl group of 
sequences 7-9; a "Rh. u.vurn" group of sequences 10-12; 
a "R-s. ,zuiam" group of sequences 13-15 & 21; and a "Rpo. 
group of sequences 16-18. As stated above, 
RP-o. a xgen-s (20) does not closely cluster with any 
other sequence in this scheme. It is also interesting to 
note that the prokayotic organism l?p-. goLo4rnI.o 
groups within the "Eukaryotic't cluster. 
The care that must be taken in interpreting the 
dendrogram may be illustrated with the 'Ri. i&uzurn" group. 
As seen in the similarity table (table 8.3.2), Rp. pa eu,6- 
~t A iz is the most dissimilar sequence within the "Tho. izu-
uzrn" group, and this relationship is reflected in the 
UPGflA dendrogram, where the 2p-o. paeurtziz line splits at 
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the 39.5% similarity level. However the dendrogram does 
not precisely show the relationships apparent in the 
similarity table for the remaining three members of the 
group. The relevant values are: R-. uPurn/. 	iooni 
50.9%, Ro. .zuum/R'. phoonzizictua 56.6%, and Ra. photo- 
,,zi,curn/A. 	i-6onLL 45.1%. Hence A. iLezzonii is con- 
siderably more similar to R-3. izu.1zu1, and less similar to 
R. p/zoom/LLcum, than is apparent in the dendrogram. 
It should also be noted that if only the pattern of inser-
tion/deletions in the three sequences is considered R. 
/Lu'ZUffl is more closely related to A. i-Le4zonii than it is 
to Ro. phoornLiLcurn and by suitable weighting of the CD 
value assigned to an amino acid residue/deletion alignment 
the branching topology could be changed to reflect this. 
The overall clustering structure is well illustrated 
by the PCO plot. The separation of sequences in the first 
dimension is predominately into the two major clusters 
(class IA & lB sequences) described above. Further details 
of the clustering may be seen when the second and third 
dimensiOns are considered. The separation of the "Eu-
karyotic" and tI/?rn vanniL" groups is not as apparent 
as might be expected from the UPGMA dendrogram, but this 
may be explained by variations in similarity values for 
individual sequences in the groups. For instance, i?p-. 
DLILLdL.o cytochronie c 2 (which was clustered by the TJPGNA 
analysis in the ttRrn . vanniLLL" group) has a higher aver-
age similarity for the ttEukaryoticfl group (42.9%) than 
does 7e.4ahy1i.na pyzi & Am i z mitochondrial cytochrome c 
(40.0%). 
The parsimony analyses produced very similar results 
to the UPGNA analysis. The most parsimonious (shortest) 
tree found is shom in fig 8.3.5. Topologically this 
tree only differs from the UPGMA dendrogram in the posi-
tion of the Rpo. -axgani branch. When the UPGNA den-
drogram was specified as a user defined tree in the 
parsimony program it was found to only be 11 steps longer 
than the most parsimonious tree (fig 8.3.6). 
It is difficult to estimate how many additional steps 
can be tolerated in an alternative tree before it must be 
discounted. Obviously the position of the extra steps is 
also of consideration. No complete statistical analysis 
has been published, but Cavender (1978, 1981) deduced that 
for a set of four sequences containing bistate data the 
confidence limits using the distance Wagner parsimony 
algorithm are always more than a quarter of the number of 
sequence positions. 
Figs 8.3.7 - 8.3.9 show the effect of minor variations 
in the tree topology. Fig 8.3.7, which requires 35 more 
steps than the most parsimonious tree, has had, the "R12-3. 
'ip/iaeiz.ocJe-3 " group separated from the "/2.6. izuLiz. umlt group. 
Moving the R12-3. goLo'trni.o sequence out of the "Euka'yotic" 
group into the most favourable position among the rest of 
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the bacterial sequences produces the topology shown in 
fig 8.3.8, which requires an additional 24 steps compared 
with the most parsimonious tree. The dendrogram shown in 
fig 8.3.9 has a topology such that the t?j,,z. vannLJJL " 
group clusters first with'-.the "Eukaryotes" then with the 
'IR,3. fuvuuz" group. This topology is only 14 steps longer 
than the most parsimonious tree. 
An extreiie example of possible alternate topologies 
was found within the t/4 ,tu/1.urn" cluster. As shown in 
fig 8.3.10, the tree clustering i?-. iuiPturn 	 p and 	ho.to- 
,zLitLcum most closely together, with 4. itzA.6onii branch-
ing at the next node (1), is of the same length as the 
tree which has R-.izut3-i.um clustering most closely with A. 
ioOn, with i?s. phoorn 4LCLLII2 at the next node (2). 
Clustering 74. jY EAzonii most closely with IR-3. phoonz/L-
cuin produces a slightly longer tree (3). As noted for 
the TJPGNA dendrogram, the precise branching topology 
chosen under these conditions depends on " soft " factors 
such as the value assigned to null matches. 
The results of the parsimony analyses therefore indi-
cate that while the dendrogram deduced from the UPGNA 
analysis is nearly identical to the most parsimonious tree 
found, there are several other possible trees, notably 
that shown in fig 8.3.9, which are only slightly longer. 
The sequences found to cluster together were the same in 
both methods of analysis, with the possible exception of 
Rp. z a eex igznz, and the greatest degree of topological 
uncertainty was found when joining clusters. The A. 
Let-ooniL sequence clearly groups with the i?.. .tuL'zurn and 
R.6. phoorn_Lzicurn sequences, and the analyses indicate 
that the divergence between the three sequences is about 
the same. 
(8.4) 	Results of analyses - BaciU u,3 4e i c h en o Ain l-o 
(8.4.1) Sequences co-analysed and sequence alnment 
As discussed above (section 6.4 	), the B. 	c/Le.n- 
o,uizLo cytoc'nrome c-552 was thought to be a class ID cyto-
chrome. 	The alignment shown in fig 6.4.2) was used for 
all analyses. The data set used for the calculations 
contained the 12 sequences shown in table 8.4.1, all of 
which belong to sequence class ID. As only a partial 
sequence was available for the B. 	chno.ziiu-i cyto- 
chrome c-552 only the residue positions in the data set 
corresponding to positively identified positions in the 
B. gichzn i~lolun iz sequence were considered in the analyses. 
(8.4.2) UPGNA analysis 
The similarity matrix shown in table 8.4.2 was cal-
culated from the data st, and this matrix was used to 
obtain the UPGMA dendrogram shown in fig 8.4.1. 
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Table 8.4.1 Sequences used in the "B. 	clien ozm-" data 
set 
All sequences are class ID cytochromes 
Organism Abbreviation Colour 
in PCO plot in PCO 
ibi ot 
Poudomona- 	anLeL P,3.,6 i 
Red 
?6eudomona-3 	uzezL P.6-6t  
?oeudomona- 	ocen -o 
Pzzudoironaz ,izendocncz P,3 .me 
?eudomona-3 ae4ugnooa Ps.au 
vneandLi ,4.vLn 
Peudo,;zona-6 	den jt izLcan -o P. de 
Rhodocycguz pLL4f?U4eU-ó Rc.pu Green 
i?hodopiU-um tznue R3 .e 
P7ehop,U- 	me/iyoLzOphLL'. M. met  
iRhocJopezdomona 	geano5a i?.ge 























Table 8.4.2 Similarity matrix for class ID cytochromes 
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10 ?.oeadomona4 _?an2 
 Pudornona-5 	z t tLzizi 86.4 
 ?iadornona' /tzz  84.1 
 Pzeudomonaz men doc.na 72.7 
 Pzzudomonaz a/uLgno-3a 70.5 
 A zo togac tz lL v i nandJ i 59.1 
 Peiidoiona 	den 	 it 	can -6 59.1 
 RhocLocycu-3 puzpuwi..o 45.5 
 ihodopiium Jnu 52.3 
 IhyophL.eu-o 	inhyoJop/iu..o 44.7 
 iR/iocJopiucJornoncz'i 	gano-3a 31.8 







 63.6 63.6 
 68.2 56.8 61.4 
 40.9 47.7 36.4 43.2 
 47.7 56.8 45.5 40.9 79.5 
 51.1 48.9 44.7 46.8 44.7  51.1 
 34.1 34.1 40.9 31.8 40.9 43.2 	51.1 
 26.9 21.1 32.7 23.1 19.2 19.2 	25.0 




Fig 8.4.1 UPGMA dendroRram of selected cytochrome C 
sequences 
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Fig 8.4.2 	Principal Coordinate analysis 
(8- 4-3) Principal Coordinate analysis 
The similarity matrix calculated during the UPGNA 
analysis was used for Principal Coordinate analysis. The 
plot of the first, second and third dimensions respectively 
contain 25.:5%, 18.4% and 12.5% of the total information 
content of the similarity matrix, and hence the plot con-
tains a total iiformation content of 55.4%  
(8.4.4) Comments on the Bacu'i eich eni/oviziz analyses 
As the results obtained only represent analysis of 
part of the total sequence information available for the 
cytochromes other than that from B. 	chenoitrn-6, the 
detailed topology of the TJPGNA dendrogram will not be 
considered here. 
Three major clusters can be seen from the dendrograrn, 
a 	 a "R/ioc1o6pLeaC&' cluster, and the 
3. 9ichzni,?ozmi,6 sequence. This interpretation is also 
supported by the PCO analysis, although subclustering 
within the ttp/)odop,,LUeaca" group is apparent. 
The average similarity between the !tP ud orn o na4tt 
and the 	 clusters (42.2%) is about 20% 
higher than the similarity between the B. £Lc/inLo,z,iz-5 
sequence and the average of the two clusters (24.3%'. 
However within these clusters some iigher similarities 
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for the B. cnLi.Ozrni4 sequence can be found, e.g. the 
A. v.nancUi/i3. 	Lchen oiuizi.o similarity is 32.7%, and 
the Rpz. ga.Lnosa/B. 	c/l2n/-!oItrnL-6 similarity is 30.8%. 
For comparison the tpo. gano-a/P-o. ztanie.,zi similarity 
is 31.8%. 
No parsimony analysis was performed as the topologi-
cal position of the B. 	c/inLOiuizi4 cytochrome c-552 
sequence was clearly established from the above analysis. 
(8.5) 	Results of analyses - Chon.oPLum 
(8.5.1) Sequ ences co-analysed and sequence alignment 
Table 7.6.2 shows an alignment of all known rubredoxin 
sequences, including the Ch. Yth rubredoxin 
sequenced in the present work, and, this group of sequences 
was used as the data set for all analyses. 
(8.5.2) Results and comments on analyses 
A similarity matrix, and derived UPGA dendrogram, 
are shown in table 8.5.1 and fig 8.5.1. The extreme simi-
larity range is 66.7 - 6.3%, but D. gLga.o, D. vugaizL', 
C. pa 	amanum and Ch. thio,3ugl2hatophigum are tightly 
clustered over a ran ge of 66.7 - 66.1%. As discussed in 
section 8.1, the branching order in such a cluster must 
be treated with some reservation, especially as in this 
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case a single identity is equivalent to a similarity 
value of 1.85%. Indeed to some extent such reservations 
may be extended to the whole dendrogram. Parsimony 
analysis (not shown) confirmed that the UPNA topology is 
the most parsimonious network, but most other topologies 
may be derived with less than a 5% increase in the number 
of steps required. 
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Table 8.5.1 Similarity table for rubredoxin sequences 
1. C/iooLurn thiozuephatophigunz 
 Du 	ovUzo gigaz 64.8 
 D 	uovL&iLo vaga4-6 63.0 66.7 
 CooJLcUuin 	paLLIL/LaflUrn 64.8 61.1 63.0 
 Pppococcu'3 aogeJl-? 51.9 46.3 46.3 	53.7 
 gaphcwta eg.6dgnii 55.6 57.4 55.6 55.6 	50.0 
1. 2. 3. 	4. 5. 
Fig8.5.1 UPGMA dendrogram for rubredoxin sequences 











This inestigatiofl was concerned with the c-type cyto-
chromes of prokaryotic organisms. Physio-chemical and 
sequence information was derived about the cytochroines 
present in the bacteria 4. 	n,6onLi2 and B. 	Lchnoiuizi. 
The sequences obtained were compared with other known 
sequences so as to attempt to interpret the evolutionary 
history of the cytochromes and organisms. This discussion 
will be predoi1:inately concerned with the implications of 
these results for evolutionary biology. 
(9.1) 	 L. 
In the present work it was shown that the 4. 	iz60ni 
cytochrome c-550 sequence has a high degree of homolcgy 
with the cytochrornes c 2 from Ra. nzurn and. R,, . phoi_oineilzi-
CU 	A comparison of the 	 sequence with the 
other known cytochrome c 2 sequences, using a range of 
methods, indicates that the sequence is grouped in a cluster 
which includes the cytochrones c 2 from R-6. 4uum. R-3. 
phoom'CUllZ and Rp-o. ,2auoI?6. 	The RP -6 . pau17'3 
sequence is the most divergent in the cluster, and the 
branching order for the other three cytochromes is not un- 
equivocal. 
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The cytochrome c-550 from the non-photosynthetic 
bacterium, A. iteAzonii, is hence tightly grouped within 
a cluster comprised of purple non-sulphur photosynthetic 
bacteria. A few other cases of sequence similarity between 
photosynthetic and non-photosynthetic bacterial c.-type cyto-
chromes have been previously noted, for instance ?aizacocctl-o 
dniz/.can4 cytochrome c-550 and i?p. capiva.a cytochron:e 
C2 which are 42% similar (compared to 14. itez ,3onii c-550/ 
R. izuiunz c 2 which are 51% similar). In contrast, classi-
cal bacterial taxonomy is unable to make a connection be-
tween organisms that differ in what is considered to be a 
crucial character. 
(9.1.1) 	 phylogeny 
As discussed above, sequence based phylogenetic trees 
are subject to several sources of error which may distort 
the derived phylogeny. These may be broadly divided into 
two categories. Firstly "internal" errors, i.e. variations 
in the rate of the molecular clock, which may distort the 
deduced topology from the "true" topology, and secondly 
"external" errors, such as lateral gene transfer, which 
would produce a gene phylogeny which is not congruent with 
the "true" phylogeny of the organisms. 
The overall homology between cytochromes c 2 is so high 
that they, and mitochondrial cytochrome c, are thought to 
have arisen from a common ancestor (Dayhoff, 1972). The 
phylogenies derived in this work are all in good agreement 
with each other, and where the same sequences were used, 
are in good agreement with Dyhoff (1983) . Any gross error 
in the algorithms was thus considered unlikely. 
For the A. 	4-6OnL branch of this phylogeny, the 
rate of the molecular clock relative to the rest of the 
tree could be one of three possibilities. Firstly the 
mutation rate could be within the range where the methods 
of analysis employed are robust enough that they can derive 
the "true" topology (see section 8.1.2.7). Secondly the 
mutation rate could be higher than average, the "true" 
topology would then differ little from the deduced topology: 
the A. 	ei-ooni-L sequence would simply cluster more tightly 
with either the R-. Izug jz uin or (less likely) the R-. p/iofo-
m-,zcw1z sequence. Finally the molecular clock could run 
more slowly in the A. i ~te zzonii branch, or the cytochronie 
may have undergone a period of convergent evolution towards 
the "iRi. ,zL1-ium" group sequences, in which case the "true" 
phylogeny would differ from the observed phylogeny in that 
the "true" origin of the A. 	'z-onL branch would be nearer 
the root of the tree. 
Differences in evolutionary rate between proteins are 
generally explained as being due to differences in the 




(9.1.2) 	 2_2_223-.21_.2 
The function of cytochrome c 2 in purple non-sulphur bacteria 
is thought to be phototrophic cyclic electron transport. 
Using spheroplasts from R,co. ..opha oicL 	and. Rp.o. capuaJ-a, 
Hochman 	a. (1975) reported that cytochrome c 2 is 
necessary for photophosphorylation. Dutton and co-workers 
(Packham 	ar., 1980; Matsura et as., 1981) demonstrated 
that electron transport is possible between isolated bacter-
ial photoreaction centres, mitochondrial ubiquinol: cyto-
chrome c oxidoreductase and horse heart cytochrome c. Mar 
(1982) showed that cytochrome c 2 is the major elec-
tron donor to the photoreaction centres of a photoreaction 
centre-deficient mutant of i?-. 1uLIunz. Crafts and co-workers 
(Crofts ei aL, 1983; Meinhardt & Crafts, 1983) studied 
the cyclic phoibotrophic electron transport system of IR12-3. 
phaoLdi in vivo using flash spectroscopy, and proposed 
that the soluble periplasmic cytochrome c. 2 carries electrons 
between the membrane bound Qbc complex (ana1gous to the 	b 
mitochondrial upiquinol cytochrome c oxidoreductase) and 
the photosynthetic reaction centre. This work was extended, 
with essentially identical results, to Ro. izur.urn by Van 
der a1 & Van Grondelle (1983). Matsuda ei aL, (1984) 
reported that cytochrome c 2 is essential for the in vilw 
reconstruction of the 	/tu.'uLrn phototrophic cyclic 
electron transport system. 
A role for cytochrome c 2 in the respiratory pathways 
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on which these bacteria depend under heterotrophic conditions 
is less well established. Taniguchi & Kamen (1965) could 
find no evidence for the participation of cytochrome c 2 in 
the respiratory electron transport pathway of dark grown Rd!. 
,-LUPizum cells. However Eaccarini-Nelandri 	a. (1978) 
reported that ip-. capaea.a has a branched respiratory 
pathway, one branch of which uses cytochrome c 2 as an elec-
tron donor to an 0-type cytochrome. Zannoni i a& (1980) 
isolated mutants deficient in c-type cytochromes and showed 
that these cytochromes function in both respiration and 
photosynthesis. However it is unclear whether the membrane 
bound c-type cytochrome found by Wood (1980), or the solu-
ble cytochrome c 2 , or both, are absent. 
The functional role of the A. ii-e4,6onii cytochrome 
c-550 is less well understood. As the organism is not 
photosynthetic it cannot be functioning in a phobotrophic 
cyclic electron transport pathway comparable to that found 
in R-o. ,zuZzum. Gauthier Ei a. (1970) found that the 
increase of soluble c-type cytochrome under conditions of 
low aeration and growth in nitrate, is paralleled by an 
increase in soLibble nitrite reductase activity, probably 
caused by the cytochrome cd identified in this work. The 
occurence and properties of cytochromes cc have been 
extensively reviewed (Meyer & Kamen, 1982). Cytochrome cal 
was originally found to function as a cytochrome oxidase 
(Horio, 1958a, h), and was later reported to function as 
a nitrite reductase in vivo (Yarnanaka e ar., 1960, 1961). 
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It is apparently absent in mutants of P. aeizug.ino-a that 
lack nitrite respiration, and the gene has been mapped 
in this organism (Van Hartingsveldt & Stoutnamer, 1973). 
Wood (1978) demonstrated that the cytochroriie cd in P-o. 
azuglnoia is periplasmic. The P. anunoa cyt-ochrome 
cd can use cytoclirome c-551 or azurin as electron donors, 
but is does not react with mitochondrial cytochrorne c or 
cytochrorne c 2 (Horio, 1958b; Yamanaka, 1972). In contrast 
Pa.zacoccu-i dnLf4ican-3 cytochrome cd will react with both 
:nitochondrial cytochrome c and P. den 	carz,6 cytochrome 
c-550 (Robinson et- a&, 1979). 
It is tempting to equate the A. -iz.6oni cytochrome 
c-550 with the electron donor to the nitrite reductase. 
However Gauthier eL a& (1970) were not able to show nitrite 
dependent re-oxidation of ascorbate reduced cytochrome c-550 
by nitrite reductase-containing fractions. Even so, this 
does not rule out the possibility that the cytochrorne c-550 
can act as an electron donor to the cytochrome cd, or that 
the cytochrome c-550 is involved in other stages of the 
denitrification pathway. Natsubara (1975), using an "ill 
defined Al caligenes/Achrornobacter" species, showed that c-
type cytochromes participate in the electron transport 
mechanism for the reduction of N20 to N2. There is also 
limited evidence for the involvrnent of c-type cytochromes 
in the other two reactions of the denitrification pathway, 
I03N20 and N031-102, (Cox . & Payne, 1973; John 	Whatley, 
1970; Van Verseveld 	ae., 1977) but some bacteria can 
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apparently denitrify without using soluble c-type cytochrornes 
for instance ?opLonLac2eLLm acdL-poponcL (Van Gent- 
Ruijter i aL, 1975) 
The 74. jLeAzonii cytochrome c-550 is also present under 
aerobic conditions where no nitrite reductase activity is 
detectable (Gauthier, 1970). Garrard (1971, 1972) showed 
that the cytochrome c-550 is periplasrnic. Clark-Walker et 
a. (1967) detected a cytochrorne o by spectrophotometric 
assay, although no a-type cytochrome was found. 
There has been no report of either iR-s. zugAum or 
phoornn-Lcurn being able to denitrify. However denitrifi-
cation has been observed in other members of the Rhodospir-
illacea including /p.4. pauJizI-3 and Rpo. cap-uaa (Zurnft 
zi aL, 1979). jl?pA. .612 haenoidez can also denitrify (Satoh 
et aL, 1976) and has a copper containing nitrite reductase 
(Sawada et a&, 1978). 
Even though the precise function of the cytochrome 
c-550 (c 2 ) is not completely known in either A. 	woni-iL 
or Ja. iuzurn (the best characterized member of the 
zu.'zam" group), it is apparent that the "function profile" 
of the two cytochromes must be considerably different. The 
possibility that the A. 	'zioni.i branch of the dendrogram 
originates nearer the root of the tree than the methods 
described in chapter 8 would suggest, can thus be discounted. 
Indeed, it might be expected that any deduced tree would 
be distorted because of a substantially increased mutation 
rate, caused by the apparent change in function profile in 
the A. 41oni branch. This too was considered unlikely 
for the following reasons. 
Firstly, substantially the same tree was derived from 
both UPGHA and parsimony analyses, the latter of which was 
considered particularly robust to changes in mutation rate 
(section 8.1.2.7). The analytical methods were also consid-
ered to be at their most reliable for comparison of sequences 
which have a high degree of similarity, e.g. within the "i?-i. 
.zu&iurn" cluster. 
Secondly, if the A. 	z-onLi branch has evolved 
faster than the R-. izuL'um and P. phoomncLzrn branches, 
it would be expected that the A. i.LeAzonii sequence would 
show less similarity to a suitable reference sequence, such 
as iRp-6. pa'-, than do either the R'-i. 	JUUi2 or 
phoomizlcLLrn sequences. This is not the case, the appro 
priate values being 41.0% (A. 	eiz-onL), 38.1% (R,6. 
,wurn) and 37.8% (Rh. 12ho.oimci4cwiz). 
There is some circumstantial evidence to support the 
hypothesis that the mutation rate can remain fairly constant 
despite a change in the "function profile" of the cytochrome. 
Such a constant mutation rate might be expected if the 
mechanism of cytochrome/protein interaction was similar for 
different protein components. The interaction site on 
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mitochondrial cytochrome c has been determined by kinetic 
experiments on mono-lysine substituted derivatives, and 
has been found to be very similar for the reaction with 
purified cytochrorne c 1 complex (Speck 	a&, 1978), 
purified cytochrome c  (Knig et ag. , 1980), cytochrome 95 
(Ng et a&, 1977), and cytochrome peroxidase (Kang 
1978). Rieder & Bosshard (1978) used differential labelling 
to show that the binding site on mitochondrial cytochrorne c 
was similar for both the cytochrome reductase (&c 1 ) and 
oxidase (aa 3 ) complexes. The binding site occupies an 
area centred on the point at which the dipole axis of the 
cytochrome c 2  crosses the surface of the haem prosthetic 
gropp (Koppenol & Margoliash, 1982). The observation that 
the reaction of mitochondrial cytochrome c with small ion 
complexes (Ahmet 	a&, 1981; Butler et a&, 1983) and the 
superoxide radical (Butler et at., 1982) is similar to that 
with protein substrates has prompted the suggestion that 
there is a general site for oxidation/reduction reactions 
with cytochrome c, irrespective of the natu-re of the redox 
partner. 
Examination of the tertiary structure of iRa. uurn 
cytochrome c-550 shows that there is a cluster of lysiñei 
residues bordering the periphy of the haem crevice. This 
positive charge distribution is uninterrupted by the pres-
ence of any negatively charged ionic side chains with the 
pdssible exception of aspartic acid residues 98 and 99 which 
lie close to the very top edge of the haern crevice (Salem—we 
012 M. 
Fig 9.1.1 Conservation of positively charged residues 
in A. 	/tz onii cytochrome c-550 
A schematic drawing of the front surface of the R-i. ituiurn 
cytochrome C2 molecule (after Salemme et aL, 1973), 
showing the uninterrupted positive charge distribution 
(lysine residues) surrounding the haem crevice. Positions 
at which a positively charged residue (lysine or arginine) 
is present in A. 	zoni-L cytochrome c-550 are shown 
by shading. 
270 
aL, 1973). Using the alignment of the 4. 	z.oni 
and i. izuiuLn cytochrorne sequences (fig 4.5 ), 	and assum- 
ing a similar tertiary structure, it can be seen from fig 
9.1.1 that the A. jY_z1L,3onii cytochrorue c-550 has a similar 
distribution of positively charged side chains around the 
haem crevice. 
(9.1.3) Lateral gene transfer 
One possible explanation for the clustering of non-
photosynthetic bacterial cytochrome c sequences with seq-
uences from photosynthetic bacteria is that the gene coding 
for the protein in an ancetral purple non-sulphur bacter-
ium was transferred to the ancestor of A. 	/-6oni. The 
derived phylogeny would then be a phylogeny of the gene 
only, and not of the "host" bacteria. 
If lateral gene transfer occurred, it should theor-
etically be detectable by comparison of phylogenetic trees 
derived from different, preferably functionally unrelated 
and genetically unlinked, protein or nucleic acid sequences. 
The comparison of such phylogenies has been extensively 
discussed by Sneath (1974) and penny et a€. (1982). 
Unfortunately no other complete macromolecular sequence 
is available from A. 	t.6onL. However, as noted above, 
the 16S RNA method of Woese and co-workers has been applied 
to both 4. itg4zonii and some members of the Rhodospirillacea, 
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notably R-. ,zuurn and Rip-6. pauizi-. The relevent dendro-
gram from Stackebrandt & Woese (1981) is shown in fig 9.1.2, 
4. 	4-3oniLL and Ri. 'w.wm are closely grouped in PNS group 
Ic. This suggests that gene transfer is an unlikely explan-
ation for the observed sequence similarity of the two 
cytochromes c. 
It is worth noting that tRNA-Phe and 5S RNA have both 
been sequenced in R.o. izuizum by Newhouse et a. (1981), 
who suggested that the comparison of the 5S RNA sequence 
with other known sequences did not produce a phylogeny 
compatible with the 16S RNA phylogeny (Fox zt aL, 1980). 
Dayhoff (1983) has published a phylogeny based on 5S RNA 
sequences, but meaningful comparison of the position of 
R.o. ju'zurn in both trees is difficult as the differences 
in topology occur at low similarity levels. 
(9.1.4) Loss of photosynthesis 
If the derived phylogeny for A. L-ionLL has not been 
distorted, as considered above, the phenogram implies that 
A. itzAzonii has evolved, via the loss of the ability to 
photosynthesise, from a common ancestor shared with R-i. 
'wiLturn and Ro. pho.ome-icum. 
If this interpretation is correct it would be expected 
that A. jtzzzonii would show considerable similarity to R-. 
'zu.'uzrn and R.-o. photomet4icum in characteristics other than 
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Fig 9.1.2 Dendrogram of relationships among purple photo- 
synthetic bacteria and their non-photosynthetic 
relatives (after Stackebrandt & Woese, 1981) 
vo tuZan-6 
0.2 	0.4 	0:6 	0:8 	1.0 
SAB 
PNS (Purple non-sulphur) group Ia: Rp'. opha ode, iRp-. 
cap-oua.a, P. dnifcan-o. 	PNS Ib: 	Rp-o. DLitdL-3, Rpo. 
pa.u-62/L4, I?/lizoLLrn 9,gLL1lzno3a4Lzrn. 4g/LO1aC2eTLLLLrn. 
PNS Ic: R-o. ILuL'urn, A. iteAzonii, AzozpilLigeum 	azan-ot. 
PNS ha: iRps. g ano-ia, R. ienue, Spha ou5 na2CLn-3, 
P4. je42O42-E-IOflL, P4. aCLdODOJZ-cln4, Cornarnona-o teA4igEna, 4. 
gizacLe. 	PNS lib: 	Ch4ornoLacL,LL,,z £vdurn, P.o. cpaCLC2, 
Acagn4 aca4, A. eubzophuz. PNS lic: Chitorno-
£acL/L.um viogaczuln, A. 44pn.6. 
those directly connected with photosynthesis. 
Table 9.1.1 shows a summary of the characteristics 
available for comparison of i?3. izuLum and A. iLeAzonii. 
This comparison is not ideal as the taxonomic studies 
from which the bulk of this data was taken were designed 
for "intra-Order" analysis of the Rhodospirillaceae and 
Spirillacea. Consequently the bacterial characteristics 
emphasised differs between groups, and the data available 
for "inter-Order" comparison is restricted. However, 
apart from the mode of respiration, the table shows 
good correlation between the properties of 4. 	i-oonL 
and the photosynthetic organisms. 
Some examples of non-photosynthetic mutants of Ro. 
are known. Uffen 	a. (1971) isolated-several 
mutants lacking photosynthetic pigments after long term 
anaerobic dark growth (more than 100 generations). Kuhl 
e aL (1983) found all strains of Ths. iwLizum they exam-
ined to contain a single copy 55 kilobase-pair plasmid. 
Elimination of the plasmid produced mutants which only 
grew aerobically and were incapable of pigment formation 
and photosynthetic growth, suggesting that genes essential 
to photosynthetic growth reside on the plasmid. A similar 
suggestion has also been made for Rpo. ophaocJ.o 
(Saunders 	aL, 1976), but in contrast Marrs (1981) 
demonstrated linkage between DNA coding for all photosyn-
thetic genes and known chromosomal genes in Rpo. capou!azfa. 
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Table 9.1.1 Comparison of 4. 	ionLi and A!-. iuLturn 
A. i2teA,3onii 	 i?o. iw&um 
Gram stain Negative Negative 
Cell morphology Helical, polar Helical, polar 
flagella flagella 
Cell diameter 0.4 - 	0.6 	jjM 0.8 	- 	1.0 UM 
Helix diameter 1.2 	- 	1.6 	1jM 1.5 	- 	2.5 pM 
Helix length 2.0 - 	5.6 	pM 7 	-10 pM 
pH range 6.0 	- 	9.0 6.0 	- 	 8.5 
pH optimum 7.0 6.8 	- 	7.0 
Temperature 30 ° C 30 	- 	 35 0 C 
Optimum 
Growth Chemoorganotrophic Photoorganotrophic 
Aerobic, 	but an- Anaerobic in light, 
aerobic in the aerobic to micro- 
presence of nitrate aerobic in dark. 
Poly- t3-hydroxy-
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It is not known whether A. 	z-3on, contains any extra- 	 ( 
chromfsomal elements, indeed I know of no reports what-
soever. about the genetics of 4. e.1z3onLL. Another poten-
tially interesting line for a comparison would be examin-
ation of the ribosomal protein compliment. In iRa. iurn 
the protein components and activity of the ribosome are 
reported to differ depending on whether growth is photo-
synthetic or heterotrophic (Chow, 1976). A similar 
metabolism-dependent synthesis of DNA-dependent RNA poly-
merases has also been observed (Chow, 1978). 
Instead of A. itelzzonii having lost the ability to 
photosynthesise it might be postulated that the genes 
for photosynthesis have been acquired in R-i. izuiu,, and 
the other photosynthetic species. This possibility cannot 
be discounted, but was thought. unlikely because the maj 
ority of species in the phenogram are photosynthetic. 
Hence the gain of photosynthetic ability in most species 
is a considerably less parsimonious hypothesis than its 
loss in one or two. 
(9.1.5) Cytochrone c-556 
Apart from the sequenced cytochrome c-550, only one 
other c-type cytochrome was isolated from A. 
Although in the absence of any sequence information the 
assignment of the cytochronie to any particular class must 
be provisional, such classification would be useful for 
comparative purposes. 
The minor A. 	'onLi component was thought to be 
a "Rp.'i. pa€uLizio" c-566 type cytochrome on the basis of 
the following lines of evidence. 
Spectrum. The A. i-&elt-6onii cytochrome c-556 
shows considerable spectral resemblance to Rp-.  
cytochrome c-556 (see Meyer & Kamen, 1982 for I?p'5. pat- 
i.iziL- spectrum). Some features that the two spectra 
have in common are: 	(1) All the peaks are red shifted 
relative to rnitochondrial cytochrome c, with the exception 
of the delta peak, which is blue shifted. (2) 	The 
reduced alpha/beta peak absorbtion ratios are approximately 
equal. The two spectra do differ in that the reduced 
Soret/oxidizëd Soret peak ratio is larger for the 4. 
j.:Le/t,3onii cytochrome. 
Molecular weight. The SDS-PAGE derived molec-
ular weight was 12,800. This is within the molecular 
weight range of the two cytochromes -556 that have been 
sequenced, namely /?po. pa 	zi-o (14,700 	Ambler et 
1981a) and 4goacJiarn turn acn- (12,300 Van Beeumen 
aL, 1979). The amino acid analysis indicated that 
the sequence was 121 residues in length, which is close 
to the sequence lengths of A. um/acien-i c-556 (123 
residues) and I?po. pauii- c-556 (129 residues). 
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The protein was found to be labile when stored at 
-20 ° C. Over a period of about 6 months the alpha peak 
maximum was found to shift to 550nrji. This change has 
also been observed for Rpa. pa 	iz- cytochrome c-556 
(Meyer & Kamen, 1982). The cytochrome seemed to form 
dimeric and occasionally higher order.complexes during 
the gel filtration step, although whether these were 
homogenous, or heterogenous with the cytochrome c-550 
was not determined. The purified cytochrome also showed 
dirneric and higher forms on SDS-PAGE. This type of 
behaviour has not been observed in the two sequenced 
cytochromes c-556, but has been reported for the (R/2z. 
pau6.6 c-556-like) cytochrome c-557 from 
napoianLL-?. Dimerization is also common for the 
closely related cytochromes c' (Bartch & Kamen, 1958, 
1960; Horio & Kamen, 1961; Kennel i at., 1972). The 
redox potential of the A. itelL.6onii cytochrome c-556 (89 
mV at pH 7.0) was lower than that reported for Rp4. 
pauizL.6 c-556 (230mV at pH 7.0). 
The comparison of the A. £-onL cytochrome c-556 
amino acid composition with the amino acid compositions 
of other bacterial cytocLromes was discussed in section 
3.8. . The results obtained did not show any close simi-
larity between the A. ii-onLL cytochrome c-556 amino 
acid composition and that of the other cytochromes c-556. 
However no suitably low sAN values were obtained for the 
comparison of the A. jtezzonii cytochrorne c-556 with other 
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cytochromes, and this method of comparison is known to 
miss some protein sequence similarities (Cornish-Bowden, 
1981). 
(9.1.6) The "c-te_ctochrome_profile" 
The occurrence of some of the better characterized 
classes of c-type cytochrones in Rhodospirillacea and /. 
jteAzon44 is shown in table 9.1.2 (modified from T.E. 
Meyer, unpublished). Knowledge about the distribution 
of c-type cytochromes is limited, a situation exacerbated 
by the paucity of information about the £n' vivo function 
of most of these cytochromes. The table emphasises some 
of the inconsistencies in the generic classification of 
the Rhodopiri1laCea, and Imhoff L a. (1984) have 
recognised this in their recent reorganization. For 
instance, Rp-. g2aJnO'3c2 and /?6. 	 contain cytochrome 
c-551 instead of cytochroine c 2 , and they also differ from 
the other members of the Rhodospirillacea in several other 
aspects, such as sulphate metabolism and quinone composi-
tion. Their reclassification as members of the genus 
Rhodocyceuz has been proposed. 
A. 	16onL apparently lacks a cytochrome c', which 
is unusual for a species which has a class IA cytochrome, 
although it is apparently absent in one well characterised 
strain of i?p-. paeu-oiz-o (Strain 2.1.6; Bartsch, 1971). 
Cytochrome C' has been found in both photosynthetic and 
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Table 9.1.2 Cytochrome distribution in the Rhodospirillacea and 4. L',jonL 
Cyto chromes 
C2 c-551 	C ' 	 C5 	 c 3 	c-556 
In 
Rp.s. 	qa.Uno.oa x 	x 	
x 
)s. 	nu x 	
x ? 	2x 
/p6. 	gO7O'VlZL- x 
Rim. 	vannLeL x 
Rp-. 	acdop/iia x 
fRp-6. 	vizidiz x 
Ro. 	rnoL,jchLanurn 2x x 
R,i. 	uvwiz 2x x 
Rp-o, 	p/azoLde6 x x 	
x 
/p-. 	capua2C2 x 
x 	 x 	 x 
I?p. 	pauL'3 x 
x x 2x 
R6. 	jZLLLJLLIIZ x 
x 
iR.o. 	phoom.2.iiLCUIn X X 
?  
A. 	LonU x 
(After T.E. Meyer, unpublished) 
non-photosynthetic bacteria (Bartiph & Kamen, 1958; Meyer, 
1970; Iwasaki, 1960). It has been consistently found to 
be induced by anaerobiosis, but otherwise its function 
is unknown (Meyer & Kamen, 1982) . It is structurally 
very closely related to the low spin cytochromes c-556, 
and. there is some suggestion that cytochrome C' can 
assume a low spin form in vivo (Kakuno 	aL, 1971; 
Akutsu 	aL, 1983). 
In view of the apparent association cf cytochromes 
c-551 and C5, it is perhaps not surprising to find no 
cytochrome 05 in A. 	noone.i. 
The cytochromes 03 show considerable intra-class 
heterogeneity in both sequence and haem content. Their 
function is poorly understood, and it is difficult to 
draw any firm conclusion from the apparent lack of the 
cytochrome in A. 	z-oniL. 
No (characteristically blue coloured) copper con-
taming proteins were seen in A. Lizoon. 
(9.1.7) Ferredoxins 
Ferredoxins are ubiquitous to all phototrophic 
organisms, and have been isolated from many members of 
the RhodospirillaCea. The proteins from Ro. nuurn have 
been particularly well characterized. Shanrnugam et cz. 
NSH 
(1972) isolated two types of intra-cellular ferredoxins 
(I & II) from light grown cells using Triton X-lOO and 
acetone, but these were later shownto be soluble in the 
absence of detergent by Yoch 	a. (1975). The type II 
prctein was also shown to be present in the dark, and 
may function in nitrogen fixation. Yoch zi a (1977) 
isolated two further membrane bound ferredoxins from the 
photosynthetic membranes (III & Iv). 
A preliminary examination of A. £J/L-onLL (section 
3.6) found no soluble ferredoxins, although the occurrence 
of membrane bound forms was not excluded. As A. 
i3onLL is not phototrophic the absence of ferredoxin is 
perhaps not surprising, especially as to my knowledge 
there have been no reports of nitrogen fixation in the 
bacterium. 
(9.1.8) Summary. 
The sequence of A. ite4,6onii cytochrome c-550 is 
very similar to that of iR-. phoornizcurn and particularly 
R. i.uurn cytochromes c 2 , and not closely related to any 
other known sequences. This similarity implies a genetic 
relationship between A. itezzonii and the two Rhodospir-
ilium species. It is 	osed that A. 	onLL has 
evolved from a photosynthetic ancestor, and this hypothesis 
is supported by circumstantial evidence which includes 
its morphological and biochemical similarity to R-s. iu.L/Lurn 
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and R3. phooi..icizrn. The occurrence of other electron 
transport proteins in A. £ JL-6oniL does not conflict with 
this hypothesis. 
(9.2) Bacu 	c/nOJu1zL3 
BacLeu-6 eicheni jeoAmi,6 was found to produce low levels 
of three cytochromes c. The cytochromes were strongly 
bound to the particulate (cell wall/membrane) fraction 
and could only be released by the action of proteases. 
However, it was thought unlikely that the observed cyto-
chromes were produced by cleavage from larger molecules 
because multiple bands were not observed on isoelectric 
focusing gels, and the partial cytochrome c-552 showed 
no N-terminal raggedness. 
The cytochromes were purified to homogeneity and 
characterized for molecular weight, spectrum, midpoint 
oxidation-reduction potential, pKi, haem content, and 
amino acid composition. A partial amino acid sequence 
was derived for cytochrome c-552. 
(9.2.1) Cytochromes c-552 and c-551 
As discussed above (section 6.4), from the partial 
sequence, amino acid composition, and molecular weight 
evidence, the cytochrome c-552 was thought to be a 
ttPiudomona c-551" type cytochrome (class ID).. The mid-
point oxidation-reduction potential is lower at +124mV 
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(pH 6.2) than is usual for this class (P.o. ano.oa, 
286mV, pH 6.5, Horio i as., 1960; P.o. 	uze', 277mV, 
pH 6.5, Silvestrini e. ae., 1981), although a value of 
between 100 and 200mV has been reported for ip.o. geJan-
o-ia cytochrome c-551 (T.E. Meyer, unpublished, reported 
in Meyer & Kamen, 1982). The cytochrome c-553 from D. 
viiqaizL-o, which resembles the class ID cytochromes in 
primary structure (Nakano et as., 1980), has a midpoint 
oxidation-reduction potential of -260mV at pH 7.0 (Yagi, 
1979). The midpoint oxidation-reduction potentials of 
this cytochrome class are pH dependent (Moore ei aL, 
1980), but such dependence was not investigated for the 
B. gichenilo.vniz cytochromes because of the small amounts 
of material available. 
The B. 	 cytochrome c-552 spectrum shows 
considerable resemblance to those of the cytochromes c-
551 (e.g. Meyer & Kamen, 1982), but differs in having a 
more pronounced delta peak, and a smaller and broader 
alpha peak. The latter is unusual for a c-551 type cyto-
chrome, which usually have a narrow alpha peak with a 
relatively high absorbance, but has been observed in the 
D. vugai.o cytochrome c-553 (Yagi, 1979). 
The B. gicheniIoAmiz cytochrome c-551 has very simi-
lar properties to the cytochrome c-552. It differs in 
that the molecular weight is about 900 less, the midpoint 
oxidation-reduction potential is more electropositive at 
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153mV (pH 6.2), and the pKi is slightly more acidic (pH 
4.45 compared with 4.75). The spectrum is also very 
similar, but the delta band is less pronounced, and the 
alpha peak is more typical of a c-551 type cytochrome. 
The cytochrome, like all the B. 	c/lno/LrnL4 cytochromes 
isolated, contains only a single haem. The amino acid 
compositions of the two cytochromes are similar, but do 
show some differences incompatible with the cytochrome 
c-551 being a proteolysis product of the cytochrome c-552. 
This was confirmed by comparing small scale papain digests 
of the two cytochromes. Another possibility is that the 
two proteins are formed by proteolytic cleavage of a 
cytochrome ck. A possible point in favour of this inter-
pretation is that the cytochromes were always found in 
an approximately 1:1 molar ratio. However such a deriva-
tion was thought unlikely as no c u -like cytochrome was 
ever observed, and the partial cytochrome c-552 sequence 
did not show good homology with either domain of the 
published cytochrome cz sequences (Ambler 	a&, 1982, 
1984a). Obviously this does not exclude the possibility 
that the two cytochromes are formed by cleavage of a 
dihaem cytochrome from an unknown subclass. 
The functions of these two B. 	c/inoiuizi- cyto- 
chromes is unknown, but they are obviously connected with 
respiration because of their repression by glucose. Parr 
a& (1976) observed that the cytochrome c-551 concen-
tration in ?o. a4ugino.4c1 increased when the cells were 
grown anaerobically with nitrate, compared to aerobic 
growth. This Pseudomonad cytochrome functions as an 
electron donor to cytochrome cd (nitrite reductase) (Rorio 
et cz&, 1958a, b) and cytochrome c-551 peroxidase (Soin-
men & Elifolk, 1972). The precise function of cytochromes 
of this class of cytochrornes is species dependent. A 
cytochrome c-551 has been sequenced from the obligate 
aerobe zooPaciz DnandJ (Ambler, 1973), which 
cannot function in nitrate respiration, but does occur 
at elevated levels in nitrogen fixing cells (Swank & 
Burris, 1969). A cytochrome c-551 from ChiwrnafLurn vnourn 
(Bartsch & Kamen, 1960), that may be in the P-'udornona-
sequence class, has been implicated in phototrophic 
electron transport (Van Grondelle 	a&, 1977; Knaff 
et a., 1980). 
(9.2.2) Distribution of cytochrome c-551 
Most cytochromes c-551 that have been characterized 
were isolated from Pseudomonads. The first member of this 
class was reported in P'i. aiuigno-oa (Horio, 1958a, b; 
Horio 1 ad., 1960), which was later sequenced by Ambler 
(1963). Other sequences have been reported for P-i. 
P_s. 	uo.zcen., ?o. rnndocna (Ambler & Wynn, 
1973); Pz dnLí/ican-i and (the Pseudomonad-like organism) 
zooacLz vLneandL.L (Ambler, 1973); and P-o. ztanizAi  
(Ambler, 1977). The cytochromes from these organisms can 
all be aligned without need for insertion/deletion events. 
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The purple non-sulphur bacteria Rhodopudonzona-
gaLLno-a, Rhodo4pL.' Uurn -tznuz and R/iodocgc-i-ó pu1LpuIu_5, 
all have c-551 type cytochromes instead of c 2 -type 
otherwise seen in the Rhodospirillacea. Imhoff 	a. 
(1984) have recently proposed reclassification of these 
organisms into one genus, Rhodocycus, and suggested that 
this genus may have to be placed in a different family. 
The cytochromes c-551 have been sequenced by Ambler (1979), 
who suggested that they are class ID cytochromes, although 
a few insertion/deletion events must be postulated for 
the best alignment with the P-o. aeugno-a sequence. The 
cytochrome c-551 from the methanol utilising organism 
P?i/2yophLeu'3 inethy g o ;~ ILophuz has also been sequenced and 
shown to belong to this class (R.P. Ambler, pers comm). 
The cytochrome c-553 from D. vuegatis (Bruschi & 
LeGall, 1972) was originally thought to belong to a unique 
subclass of the class I cytochromes (Dickerson, 1980b). 
However Nakano (1983) showed that the original sequence 
was incorrect, and the cytochrome may now be accomodated 
in the class ID. Even so, more extensive insertion/dele-
tion events must be postulated for the alignment with the 
Po. a/Lugno-a cytochrome: the pKi is alkaline rather 
than acid; and the midpoint oxidation-reduction potential 
is considerably more electronegative at -260mV (pH 7.0). 
For these reasons the sequence was not included in the 
phylogenetic analyses (section 8.4). 
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Two c-type cytochromes were isolated from N/Lo'3ornona 
a/Lopa6 by Yamanaka & Shinra (1974). The cytochrome 
c-552 resembles Po. aeitagino.oa c-551 in size, midpoint 
oxidation-reduction potential, isoelectric point, spectrum 
and reactivity with Po. aizugLno-oa cytochrome cd. 
(9.2.3) Cytochromes from Gram-positive bacteria 
There have only been two previous reports of purifi-
cation of c-type cytochromes from Gram-positive bacteria. 
Jacobs ei a. (1979) isolated a cytochrome c-552 from 
ycoacJ/urn p/iL. The monohaem cytochrome was remin-
iscent of Po. ajno-oa cytochrome c-551 in isoelectric 
point (4.7) and redox potential (259mV at pH 7.0), but 
differs in the reported molecular weight of 12,600, which 
was determined by SDS-PAGE, gel filtration and ultra-
centrifugation. Labelling experiments showed that the 
cytochrome binds preferentially to the outer surface of 
the cell membrane, an observation in agreement with the 
proposed rationale of Wood (1984) for cellular cytochrome 
distribution. Gram-positive bacteria lack the outer 
membrane, and hence the periplasmic space, found in Gram-
negative bacteria. Whilst any deduction on the basis of 
a single example must be treated with caution, this may 
explain the stronger membrane/cytochrorne interaction found 
for Gram-positive cytochromes in this work and elsewhere 
(Vernon & Mangum, 1960; Niki & Okunuki, 1969a). 
Miki & Okunuki (1969a, b) isolated two c-type cyto-
chromes from a strain of BacLe- -ouL-s, cytochromes 
c-550 and c-554. The cytochromes were released from the 
cells by ultrasonification and purified by repeated 
chromatography on DEAE cellulose and Amberlite CG-50 
columns. Yields of about 0.5itMol c-550 and 0.05iiMol c-554 
were obtained per kg wet weight cells. Both cytochromes 
contained a single haem per molecule. The midpoint 
oxidation-reduction potential of the cytochrome c-550 was 
210mV at pH 7.0, but the pKi was reported as 8.65, which 
is surprising in view of the purification procedure. The 
molecular weight was estimated as 12,500 from gel filtra-
tion and iron content assay, but without SDS-PAGE and 
amino acid composition evidence the values must be regarded 
as inconclusive. 
(9.2.4) Bacu 	chnL/orn 	cytochrome c-554 
The B. 	c/nioiuizis cytochrorne c-554 is unusual in 
having a distinct shoulder on the alpha peak, despite 
having only a single haem. The cytochrome had a molecular 
weight of 10,800 and a redox potential of 136mV at pH 7.0. 
The split alpha peak cytochrome c-554 isolated from 
B. -ouU-3 by fliki & Okunuki (1969a, b) shows considerable 
spectral similarity to the B. 	 cytochrome 
c-554, although the midpoint oxidation-reduction potential 
is lower at -8rnV. The reported molecular weight was con-
siderably higher at 14,000, but, as before, this was 
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determined by gel filtration. 
Few other rnonohaem split alpha peak c-type cytochromes 
of low molecular weight have been reported. Hon-Nami 
(1979) found a cytochrome c-555 (549) in the extreme 
thermople 7/izrnui thzzinol2higuz after solubilization 
with detergent. The molecular weight was estimated as 
between 9,000 - 11,000 based on SDS-PAGE, equilibrium 
sedimentation, and amino acid analysis. The midpoint 
oxidation-reduction potential was 206mV (pH 7.0), which 
is similar to that of the B. £Lchnoizm-j cytochrome 
c-554. 7. /li7rnophLu-3 also contains two other soluble 
c-type cytochromes (Ron-Nami et as., 1977, 1978), neither 
of which resembles a class ID cytochrome. 
Trudinger (1958, 1961) found several soluble cyto-
chromes in the strictly autotrophic, aerobic bacterium 
7hLoacUus napoianu-. These observations have 
recently been refined and extended (Trudinger, unpublished). 
The major cytochrome has a split alpha peak (554, 547), 
and a midpoint oxidation-reduction potential within the 
range 150-210mV. The sequence is 91 residues in length 
(Ambler, 1984b), and most closely resembles the cytochrome 
c-554 (548) from a halophilic Pa4cicoccu.6 sp. (see below) 
and the N-terminal half of the cytochromes c 4 from ?-. 
azugLno4a and A. vneand. 
The halophilic Palzacoccuz sp. cytochrome c-554 (548) 
was first described by Hon (1961a). The midpoint 
oxidation-reduction potential is 113mV (pH 7.0). The 
sequence is 83 amino acid residues in length (Ambler, 
1984c), and is related to the 7oaco cytochrome. 
c-554 (548) sequence. The Paiacoccuz also contains at 
least two other c-type cytochromes (Hori, 1961a, b), but 
these have only been poorly characterized. 
(9.2.5) Bacu4 gich eni -loluniz cytochrornes and phyloeny 
Few, if any, definite conclusions can as yet be 
drawn about the B. 	cno'zrni.o cytochromes and their 
phylogenetic relationships to those found in other organ-
isms. 
The cytochrome c-552 was thought to be a "/domona 
c-551" type cytochrome (section 6.4). The TJPGMA and PCO 
analyses (section 8.4) indicated that this sequence was 
distinct from the other two clusters of known cytochrorne 
c-551 sequences. Even so, unlike the DuoDPo cyto-
chrome c-553, few internal insertion/deletion events must 
(as yet) be postulated to align the B. gichenieozmi.6  
cytochrome c-552 sequence with the cytochromes c-551 from 
the ?-udornonacJij. In addition most of the observed sub-
stitutions are conservative ones. 
If the cytochrome c-552 sequence is indeed a 
"Peudomonad c-551" type, it is surprising that it is 
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found in a Gram-positive bacterium. Explanations for 
this apparent anomaly include gene transfer, sequence 
conservation and convergent evolution. None of these may 
as yet be ruled out. However convergent evolution was 
thought unlikely as an explanation for such a high overall 
similarity. 
T.E. Meyer (pers comm) has speculated about the 
effective limit for the number of substitutions that can 
occur in a sequence without drastically altering the 
physiochemical properties of the protein. Thus for two 
homologous diverging sequences, the number of informative 
substitutions that can be made in the sequences will 
decline until an equilibrium position of dissimilarity 
is reached. This interpretation would suggest that the 
"Pudornona- c-551" cytochrome gene was present in the 
ancestor of both Gram-positive and negative bacteria, but 
has been lost in most lineages. The similarity between 
the B. 	c/no4m-6 sequence and the other sequences is 
then at an equilibrium position determined from the 
conservation of the cytochrornes physio-chemical proper-
ties. Arguments against this interpretation include the 
observation that no bacterium has been found which 
possesses both cytochrome c-551 and cytochrome c 2 . This 
co-occurence might be expected in a few cases if the 
genes coding for these cytochromes were distinct so far 
back on the evolutionary tree. In addition there is no 
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a p0/IL reason to expect that there would be a requirment 
for the conservation of the cytochromes physio-chemical 
properties in the BacLu-6 lineage. 
Because of the relatively low similarity value 	- 
observed for the B. gicheni,,4oAmiz cytochrome c-552, 
determining whether its presence in the bacterium is 
caused by a gene transfer event is likely to be extremely 
difficult. Genes from Gram-negative bacteria (e.g. E. 
con) have been expressed in B. uL-o, but replacement 
of the translation initiation sequence by a corresponding 
BacLU-L-o sequence was required (Goldfarb e- aL, 1981). 
One approach to this problem would be to examine in 
detail the electron transfer pathway(s) in which the 
cytochrome participates. If a gene transfer event has 
occurred it might be expected that several components 
would be transferred so as to confer a function on the 
bacterium for which there is a positive selective advan-
tage. Similarly comparison with the electron transfer 
pathways in BacL which lack c-type cytochromes, such 
as B. c-eiz.u-ó, might be expected to yield information. 
Meyer & Kamen (1982) have observed that cytochromes 
c-551, c, and c 5 are commonly found in the same organism. 
No cytochrorne c 5 was seen in B . 	c/ino/Im.6, and too 
few examples of split-alpha cytochromes have been charac-
terized to form any conclusions about the nature of the 
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cytochrome c-554. 
(9.3) Genes, Cytochroines and Sequences 
Proteins sequences may either be deduced directly, 
as in the present work, or indirectly by sequencing the 
gene coding for the protein. The method of choice depends 
on several factors, particularly the organism used and 
the protein of interest. DNA sequencing has several ad-
vantages over protein sequencing, as the genetic infor-
mation obtained is more complete, and once the gene has 
been obtained sequencing is considerably faster. 
To date, all prokaryotic c-type cytochromes have 
been sequenced at the protein level. Because of their 
colour they are easy to follow during purification, and 
have often been obtained in high yield. Many are soluble 
and small, and are thus relatively easy to sequence. The 
physio-chemical properties of the cytochromes are also of 
considerable interest. 
In contrast, isolation of the c-type cytochrome gene 
would be considerably more difficult. Unlike metabolic 
or drug resistance genes, incorporation of a c-type cyto-
chrome gene in a suitable vector system would give no 
directly selectable trait. 
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This problem could be circumvented by two different 
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strategies, both of which are dependent upon the previous 
isolation of a small amount of the c-type cytochrorne of 
interest. Firstly, after construction of .a genornic 
library of the organism of interest in a suitable vector, 
recombinants carrying the c-type cytochrome gene could 
be identified using radioiminuino-assay techniques. This 
method has been used for the cloning of the R. izuiuLm 
ribulosebisphosphate carboxylase gene in E. coe 
(Somerville & Somerville, 1984). One problem with using 
this approach is that c-type cytochromes are poor antigens. 
Secondly, using a partial amino acid sequence from 
the c-type cytochrome deduced by conventional protein 
sequencing means, DNA oligomers could be constructed from 
a suitable region of the molecule (i.e. containing amino 
acids for which there is a small number of different 
codons) which could be used to probe the genomic DNA of 
the organism. Because of the variability between c-type 
cytochrome sequences from different bacteria, inter-
species hybridization techniques could not be successfully 
employed. 
The A. £i.00nLL cyto .chrome c-550 was easily obtained 
in good yield, and so protein sequencing is obviously 
the method of choice for this protein. The cytochrome 
c-556 was obtained in smaller amounts, but enough could 
be made for it to be sequenced at the protein level. 
The B. gjcheni veolLmiz cytochromes were isolated in 
low yields, and a partial sequence was obtained from one 
cytochrome. While enough material is probably available 
to complete the cytochrome c-552 sequence, and to sequence 
the other two cytochromes, this system is probably a good 
candidate for DNA methods, especially as considerable 
genetic information is available for B. 	chnoizrnL-6. 
(9.4) 	Other possible lines of research 
(9.4.1) 
Several possible lines of inquiry could yield support-
ing evidence for the hypothesis that A. itezzonii has 
evolved from a photosynthetic purple non-sulphur bacterium 
and is closely related to R-o. iz.uizunz and /6. p/io.ornLitL- 
CLLrn. 
It would be interesting to sequence the cytochrorne 
c-556 obtained in this work, which might be expected to 
show some sequence similarity to the i?p. pauiz-3 
cytochrome c-556 (and possibly the R-s. iuurn and R-6. 
phooIei?Lcu1i7 cytochromes c'). The sequence of the A. 
LLri-oonLL 5S RNA would also yield phylogenetic informa-
tion, especially in view of the reported non-congruence 
of the 16S and 5S RNA derived phylogenies for R-o. izuLtum 
(Newhouse et aL, 1981). Comparison of tne A. 	iz-oni 
tRNA-Phe sequence with that from,-o. ,uttm (Chow, 1976) 
might also be instructive. 
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If A. itezzonii and R. .tu&'.urn are closely related 
it might be expected that the genetic organization of the 
two bacteria would also be very similar. Unfortunately 
little is known about the genetics of either organism. 
It would be particularly interesting to know whether 4. 
£iz-onLL contains a plasmid similar to that found in 
R. izuum. It is unlikely that A. UioonLL contains 
any recognizable copies of photosynthetic genes. However 
it might be relevant to note that in older clutures of 
,4. 	15onLL or those treated with Mitomycin C or UV light, 
coccoid bodies containing various structures such as 
rhapidosomeS were induced (Clark-Walker, 1969). These 
rhapidosomes were originally postulated to be produced 
by the induction of a defective phage, but Evers & Murray 
(1980) reported that this was not the case, and their 
function (if any) remains unknown. 
A. UciionLL may provide a useful system in which 
to study the electron transport role of c-type cytochromes 
in a non-photosynthetic bacterium. One particularly 
interesting group of experiments would be to investigate 
the kinetics of the cytochrome cd/cytochrome c-550 
reaction. 
(9.4.2) 3acUu 	chno'zmL 
Obviously the completion of the cytochrome c-552 
sequence is the first priority in any future research on 
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the cytochromes of this organism. Enough cytochrome c-552 
has now been isolated so that this should be possible in 
the near future. Similarly the sequences of the other 
two cytochromes would also be of considerable interest, 
whether sequenced at the protein or DNA level. The physio-
chemical properties of the cytochromes are also worthwhile 
exploring further, especially the pH dependence of the 
midpoint oxidation-reduction potential. 
The environmental factors causing induction of the 
áytochromes, and the functions of these proteins, have 
only been briefly looked at in this work. These require 
much further study, and any future investigation would 
probably profit from a wider survey of strains and growth 
conditions than employed in the present work. 
Another potentially profitable line of enquiry would 
be to extend this study to other Gram-positive bacteria, 
in particular other Baci4egi spp. It would be especially 
interesting to repeat (with a better characterized strain) 
the c-type cytochrome isolation from B. ouL-. The 
preliminary results of Miki & Okunuki (1969a, b) would 
seem to indicate that the cytochrome c-550 belongs to a 
different subclass from the B. £Lc/inLo'zrnL' cytochromes 
isolated in this work. 
(9-5) Choo Lwiz 'Lhi oup'haophum rubre'doxin 
In the present work the rubredoxin from Cho4ourn 
.hLoup/laLophLeLL112 was completely sequenced. The sequence 
showed a high degree of homology with the sequences of - 
other rubredoxinS. Attempts to build a phylogenetic tree 
using rubredoxin sequences showed that most of the known 
sequences (including the Ch. / ouphaLophLurn sequence) 
cluster together over a narrow range of similarity values. 
Apart from the common requirement for anaerobic 
growth conditions, the organisms that contain rubredoxin 
show considerable variation in their biochemical and 
morphological characteristics, briefly summarised below. 
Du0vL4i0 spp.: 	are slightly curved Gram-negative 
rods, motile by means of a single 
flagellum, which reduce sulphite 
to hydrogen sulphide. 
C. pautanurn 	 is a Gram-positive rod, motile 
by means of peritrichous flagella, 
which ferments some sugars. 
Ch. hLouphaop/i-LeUrn 	is Gram-negative, non-motile, 
spherical to rod shaped and photo-
synthetic in the presence of oxi- 
NM 
dizable inorganic sulphur compounds 
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N. eg,3denii & 	 are both Gram-positive, spherical, 
I. aezogne6: 	 non-motile chemoheterotrophs. 
In view of the proposed function of the C. pa4u/z-
anLurn rubredoxin as an electron donor to CO dehydrogenase 
(Ragsdale, 1983) it would be interesting to know if any 
other of these organisms have this enzyme. Unfortunately 
I know of no reports concerning CO dehydrogenases in 
these organisms. 
Bacterial ferredoxin has been found in all the above 
bacteria, and has been sequenced in C. pa 	utanum, D. 
qiLga-3 and P. aogn-. The topology of the dendrogram 
produced using these sequences is reported to differ 
from that found using the rubredoxin sequences (Bruschi 
& LeGall, 1977; Dayhoff, 1983). 
This non-congruence of phylogenetic trees derived 
from rubredoxin and ferredoxin sequences, and the obser-
vation that rubredoxins from closely related organisms 
(e.g. the DuoviJ-'o spp.) differ in sequence nearly 
as much as rubredoxins from organisms that are thought 
to be distantly related (e.g. Ch. ithio.6uephatophiguin and 
C. paiuianurn) could be interpreted as indicating 
lateral gene transfer of the rubredoxin gene between 
unrelated groups of anaerobic bacteria. This interpreta-
tion is difficult to refute, but was thought unlikely on 
the basis of the following considerations. 
Rubredoxin is a well conserved and unusually small 
protein. The most variable region of the polypeptide 
chain (residues 15-29) corresponds to a loop separate from 
the iron binding region (Watenpaugh 	ar., 1980). It 
might be expected that the amount of sequence variation 
that can be accomodated within such a small structure, 
without drastically altering the protein's properties, 
is limited. Hence, if the rubredoxin gene has been 
inherited in a "normal" dichotomous manner, one might 
expect an exceptionally high number of parallel mutation 
events to occur. The effect of this on the various tree 
building methods was discussed in chapter 8, but the net 
effect would be to decrease the separation between 
distantly related proteins, and also to possibly distort 
the topology. Such effects would produce similar results 
to those observed in the present work. 
(9.6) Sequencing technology 
This project has employed a wide range of sequencing 
techniques, illustrating the increase in speed and sensi-
tivity that has been made possible with the development 
of automated technology. For instance, using the manual 
methods based on peptide separation on paper and dansyl/ 
DABITC sequencing, about 4-5iMol of cytochrome was required 
to derive a complete sequence. In contrast, using HPLC 
for peptide separation, and sequencing using the gas-phase 
sequenator, it should be possible to complete the sequence 
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of the B. gicheni jeoAmiz cytochrome c-552 using about 
500nMol of protein. Indeed the 11-terminal 45 amino acids 
were determined using only lOni1ol of protein. Refinement 
of the technology and techniques currently available 
should allow routine sequencing at the picomole level. 
While the use of such techniques will probably remain 
costly, they do offer the possibility of sequencing low 
yield proteins, such as minor cytochrome components, that 
are beyond the range of more conventional techniques. 
(9.7) Final remarks 
This project was principally concerned with pro-
karyotic c-type cytochromes and the clues they may give 
to the manner of bacterial evolution. As might be 
expected, the work has raised far more questions than it 
has answered, and some of the lines of enquiry suggested, 
such as the cloning of the Bacigeuz cytochrome genes, 
would form comparable sized projects in themselves. As 
to whether the projects was a victory or a defeat, I 
think that while there is a long way to go to win the 
war, a tactical victory was achieved in this particular 
battle. 
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